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C ~ABSTACr

(Distribution libitation Statement No. 2)

Influence-of s'oil suction, clay microstructure, and apblied external loading

uponi the swelling behavior was undertaken to further the-undekstanding of

-expafisive soils. Fo# the soil tested, the microstructirre produced by kneading

compaction did not change the particle orientation 'to any significant degree.

Ev4aluation of the microstructure was performed with both X-ray diffraction and

I scanning electron microtcopy techiiioues. The microstructure is perhaps best

desz-ribed by multi-grain or packet'arrangements. A higher degree of packet

- dispersion occurred at molding water contents wet of op-tinut; however, it did

not approach any high degree of preferred- particle orientation. A swell test

I was de~veloped using the Bis1hop Oedometer in which both soil suction and external

I loading could be controlled and measured. Using the axis of translation tech"
nique with a high air entry ceramic s~tone, soil suctions of 5.1 kg/cm2 (pF=3.4)

I were Ifteasured. Results indicate'.that below a certain value of soil suction the

I swell will be accelerated with'a fuither decrease in suntion. As the applied
loading is I.ncreased it will limit this acceleration and the soil suction-swell

relationship becomes more line 0zfth decreasing suctions.
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i~e ~* 's ye- the Seater the fox-ce of rer'alsion. Thbe

ee:t -- ac= e le --- =y atge frcn 53 to 3WOA (1)-

~~ttre~~~tive_ ize hten1 'rtcles The forces of

j b et-me - ;y ttiles r--e trdc~imat3y the London-van

dm- 791 t.Vt eShe saztri-anti':e fporces are betveen individu .1

ard ar relatively nal in nagnkt-4e. One strevzgth- is- rapidly

Lz--ne= szurce of V--~~tatv forces =ay bDe caused by the

6f pa5i~ely e ends on -the b21ay maf-tieles thP--,

selmns * - 1 -a&ae es which br-e the =dneral in such a

~'-.as to leav-e a nrat rcsi#ive cheargk (2).

M--a nIceniie bhe clay -icell e .s 2 Coaienient r=odel

Iby to) 7SI-M-Iize the- clayi*- n the diffuse doubole flayer

ezes.the adscrbed water i&nasidered to be- those water role--

lasatfa~~to the clay particle and the diffuse double layer is

re=mebye t7 te 'aterand ions vresent in the micelle. Mhe size

--f the =Izy nicellle is controlled bythose factors -vbi:clx. influence

tnedue dvmble lay--er ureviously cov ered. Fig. 1 shopws the clay

-Cs~tic mressimre in clavr vater system For osmti..c :pres-!

surts to existf twc -basic conditions must be satisfied. Tw~o solution

of ifeetcbncen traticns rrust exist which Are separated by d semi-

ve-esbe =e=brane which vill allow passage of thed solvrent (wter).

but not the solute (ions).
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Figure 1. the Clay Micelle (After Woodard)

In examining the clay-waterion complex in the double layer, the

ions are held by strong electrostatic forces and are not free to rove

away from the double layer. However, water molecules oUtside the

double layer (pore wrater) are fzee to move in and dilute the ion con-

centration. Thu, the double layer acts as a semi-permeable =embrane

ad satisfles the requirements for osmotic 
pressures to exist in a

clay-water system.

0 1



de~immea as "MTe neggtive gage se tD ailo a ~ mco w-atz

-st be szbjetei.h-ce- ob im- _11:=thqg ase

ve-~'~ r.ra .;iit a ~.cta i a S2tcm ~i~i

c=.i--c -. : tae___ scan

S as '2551-e regg-4-:4-e IV-=a ~Z,-ss-e rais_-e to t-e 9w~g

-,-e=S=-en I.I-~ scadl vasr, to a -gq=4-e~ca t

tivw tbh -the saill -- te ==t be s5eee, is. c=-- to beq~f s

bit tL-c= a -~c'cz.s b a a~l ith te =5_ vat---' (3)

csm=ic s-.tic; -- stn P Is eZ-cays a -nest~e va1c with e__

w ~'-'-acair- Mbs~- r2 scal~e t7'es~.b S: ffe~ (

ts X4e~ 6se mo 7-- S- -s -e 1E SieleI5 s. lasa-

to cwse em ___ :1a
Ait s=# bas tn c! e~t:_--x si -wt- ~s el, i ctee c! -tater.

l:.te e cf -the inid~z~d clay

paUc!_ is r-efer-e-2 to am, the mco-rooe.~ ~sr~

q ~ ~ ~ a been CI Si';:i-ea int* tro1A 1;siC r emzt.:3c;t

'tr~t~re is terz a tiiga iet. -I

cf -ortjces wizm cv jfera.bie '*end to fazde4 c±.aet bet' ee.= j.... -

cles. -~eotter 1.asic crientaticm I-s tez--e a szarsem'

st*tre I~s C-a2r.aterizedy .- m" -1-1 flal rEnta.zicn of the

marticles i' a 'ar- zo faz -Arzz~



I .cr a. expansive soil to swe- the oisture content of the soil

_st in-kease. TZe degree to which the hne in c--isture content

~-i chrge g7enan ~prt~'it 1y the 'n iroz=en., de-end upon

ZZI. - s -_ for water.

" ev o--aticn of he soils thirst for vater is at best a very

erandlez rzh s a rigorous division of alI the forces involved

i: i ativ-d-  cc----nents (adsrption, oscotic pressure, capillary

-_air =--ressure, _re.icnant cation, exchange capaity, etc.)

4zs rc !een snffticientiy developed to the point of practical appli-

eatizn (1). EL-e-r, the total net effect resulting from all of

tt,=--4 M es Z !ed to the use of soil suction as a method to evalu-

a=e a tatl d-rd of the soil for water.

Eatis.Ving this thirst in an exansive soil will result in a

l ch ge, the degree of which is de6endent upon not only the

re~cti of the soil suction but also upon certain physical

pr_erties in the initial condition of the soil (density, micro-

structrare, external loading). For simplification the literature per-

tirent to this study has boen divided into two sections (a) soil

suction and (b) physical properties of the soil.

Soil Suction In nature, the soil-moisture regime is in equili-

- briu -- ith the environment even though this equilibrium may be a

dytacic one. In a partly saturated soil, that is, a three phase

v

I

7 
0,



system of air, water, and soil, this equilibri- cm best be de-

scribed in terms o soil sucticn. The soil suction has been dfirea

as the sum of capillary and osotic suction _ressuresz aud is alays

negative value with respect to at-osheric eir pressure.

The soil suction may reach very high values and is greaty in-

fluenced by small changes in moisture ooatent. Values of soil suc-

tion up to 100 psi have been reported for soils in the range of

moisture contents encountered in engineering work. Ma very airy soils

values exceeding 100,000 psi-may exist (5).

A suction .profile is established in the partly saturated soil

and is dependent upon several environmental factors which include-

depth to the water table, climate (rainfall and relativ- humidity),

and vegetaticnu. The climatic conditlons are responsible for the -

ma4ority of the changes in soil suction in natural s6ils. The arid 1-:

and semi-arid areas of the world have the most -ronounced seasonal

variatio! in rainfall and consequently are the areas vhere expansive

soils create the most problems (6). -The depth of this zone of

-sasonal moisture fluctuations will vaky from location to location

and is dependent upon the type and condition of the soil, extent of

;easonal variation, etc. The resultant effect of these moisture

ch.rmges is a corresponding reduction (wetting) or increase (drying)

fi. the soil suction, which may be accompanied by swelling or shrink-

i S, respectively, in-an expansive soil.

d'



- - -~ ---------- 7 qt___ - -- - / -

__ceth soil smurface is covuered -by ant iper-zable -cver rcd,

bu5.ding, eti.), * this balezie- betveen te az-d sail suatldn is i
cha7nzed. She loso =-Rez -by e-wimation can nologe~r Occur as, I~t

is p: evezfted by t:- n.:. ebl cover. A -.e-. su tcn ='-offile w

-then occnr cvey, a perizod of tiedue to a gradual imncrease In r-bis-

tui-e content undei thie waitresuti in -a decnease in the

- -soil suctidon.

Me size ard. shape of the co-wer -- llI also tee a e eeer

- ~to -which the- sztion raf' - chnge. 1n the case of' 14ong and -

ne-ro-J co-erape (cdo zna)the coil suction at thE cent'-er re-

aisless Zithn -te edges_,- 1 the edges ae sdoijected to co~sde-

able f4uetrualions: capuse wy seas c '--aic canditcs Cm Eder a

lar-ge souere cub the o,.er- h-*A the suction =ofl -ilMI -. r'~~"'roraimior7-6n - seasce.- , chatiges., hc-.ever-, t-he edges -

.prlance the sane trimge :Mp~euz;-;ic6s. A buj-iing is semsitive to

r-Ian's infl2uence -:37 plantOAS apnd vtering of vee atinaong ruie -

edges of 41. buliswor drainage of the a-.ea- adjacent to the bu":1d.;

- ig or leakage of -wat'-er frcra the piping syt - servicin-g "the: -Papility

vKhich -wrill caiise 16calizeda decreaes in the',, suction. rofile. InallI

case th& dev-Ieit of dilff erenit suctio prof iles in en exc-emsive

Isoil will lead to possible expansion or shrinkage, creaiig a c#iffer-

Iential *dlur- -change and riulting in danagtb the 'aci7At. -

-fWhile the change of soil suction in an- expansive, cla±y it ikiown -

rfto have a direct bearin unon the resulting, swell of the clay, the

I ability to definie Its -Influ !fie has been severe3 y hezmpered by the



7- c a cL1& enient ls=atr eth*:I to reasure soil suctiow, ex-

c::v-aot 12 rsi.. while at tht: same time subjectfrg the samplDe to

an xtrr_-Iload as It wauld te in the field (6). Consedueantr the

r "le that. cegg soil suctions play in the swfigbehavior has

ns-t be=m cl ly defined. The imrportne 6fthis factor vas einpha-

sized by Gibebs (7) in s-narizing the "Status c-f tz~a Azt of I ealing

with WorLilPibasc ~pni Ca Soils" by statingj

"eausien of the suction mres cures of forces .'- unsatu.-

rated soil mijght It- very ;;losely related. to the problems in
exram-sI--e clays, and tizit oze of the approaches to the prob-
le= o exop-sive cf-lays Tcl1beto correla-a these suction

-fces -with heaving."

Ifeesurrfzt of soil suctit- The --gin difficulty in neasur-

ing sactionmpressures is that the water in the rmeasuring, system tends

to cav.Iate t uressures; of ap-roximately -1 atmosphere. To overcdcce

thislirtaton he z'-cue of "Axis Translationha bee devel-

!> ~oned by Miff (8). Th1 thi s =ethod, -the pore air pressures are- in-

creased uitil the soil sucation =~essure can be measured. !he radius

z e~~f cu.-.ature of the afr-v-mer menisci. does not appear to change

sign-ificantly as the air pressur-3 is iacreased, thus the difference

'aetueen the final air and vater oressures equals the initial suction

pressure in the soil. Several investigators (8, 9, 10.) have examined

the accuracy of the axis translatiop technique and found it v'alid

within the range of exkperimental error for ie usual values of applied

aar pressures of less than 200 psi. Fig. 2 showrs the experimental

values obtained by Olson and Langfelder (5), the -experimental line

has a slore of t~5.50 instead of 450O which is well within the range of

experimental error.

10
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Gibbs and Coffey (1) used the axis translation technique in

deveioping a ziethd Lb measure initial suct.on pressures in specimens

that were later used in triaxial shear testing. Their procedure used

a pressure cell in which an all around air pressure could be applied

to the soil sample. The test specimen did not completely cover the

high air entry ceramic stone so that the air pressure also acted on

the ceramic stone. They observed that about 75% contact between stone

and soil gave reasonable time periods for equilibrium to be reached-

01

between the applied air pressure and measured water pressures.

llC
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I _ntlaL Soil sZ56"U at tifft *otzwe 0=1~.11. Ye,-7 Sn-m ca~ges 5M

AAmitre CQxz Ut (*1 to 2%] Cw = c e sot !*t=. g Mer 11*t

zftdacz~ -(320 Ie UC&ge in W,4te c x mte. boa iI ifle!cat effecettgo the -scil 3= =, ;oP Pel h-c 2 z

tiod, cr IZ -, sPeiial the choose in sol smacci, wl o~

&,ov ex~act parvomter in -deter!:dzg !be qfiel1- -C~ta ef x-

- psz~#im soins.-

- ~ In 1ye-mg the sweIM as the soU i dn I~ s- rel~sse4 there

appes t, -be two si cAmi. that C02e sWel- 1'zs -th e-I'-a ~uction o-f Capi&.3~ tensions uay cantribute a 3oz- mec~udca

$-Of Avelling., tha- Is. the .1.tiUE zebma. of cIW parVIcles Wbhict Zsj have bez defoinim& at bIjavau G! son- -kuctjca. hi nin eo

thiz_-ccopaoeii of swfell is Do=&3aly -11 (13).I Ae seco sechanis is fbat-of zhe vptake of vatier mdieues

by the-da-l3 1-8b~ ie- to - Satisfy the 6940tic -prISSues JcT teL by--thez

inbalaicr, Im ibn- cancentrations in the clay =iWe11e -ad. Mare wdater-.

Mhe addition of-water to tb&- caW micelle increases. IU size and

-therefor'e creates sielL Tbiis type -of eipensicn i fi-red to 33

- -osmotic swell and Is p~erhaps the moit importafit n~abI isn: cai

swvell W) Vie- soil iele vill..continue to tak-e on additional-

iwater molecules pushing the particles ;fiither apart until the! osbtdc

pressures are- -satisfied orlantill they cmt into e uiibimwtth

for ces tenink -to pl~h- the pWxticles to-ither.,

ILIn co* aIng the relative strenghsoomtiancalay

-predssuies, AMitchell (1-2), has shown -thitt for relativey large pores.
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caraice stc-e w~ed'. Mitial soil-' -suction pressures- up to

230 msi hv be eotd

~-P-54~1 Po~r~es the 1bysical -condition, will play za il!uor-

t=!t rdle in2 ete--d-ing the enowit off voluze change i n exmuasive -

soils 122e lhysico-ch Acal pr-oprt,-ies inc-luding the influence of

t!yzt-e n-d z.-unt of exchAn-geable ions zpkesent, in-thei soil and: the

-#:e &-d iouat qf clay -rine-rals,w e very i=6-tant, -N~ve 1een the

s=bject of recent investigation, and. the reader is r~ef erre&. to Holt

CID- for &-tG re 'ive treatnent. -Omis section vill1 concern iLtself

"ewth those properties w4hich effect ell cons~iern ;me initiU

c&cal-lic of the soil, The more imbortant -farctors- include soil den-

sity, extteinal loading and the soil, microstructure (13).

besjt The soi--± density is Pan iiab6rtayt factor which in- --

flue-ies the amouint of -volure expansion. Dhe higher the denst

(clo6ser particle spacing) the more barticles are cozytsined ter unit

,rau-e. Thi ue a highier degree of interaction betyen the clay

piarticles; dotfole layers and, therefore higher r;epulsive pctential

bet-~een maticI6es. As wiater is imbibed into the soil these repulsive

forces mush the bartidles Apoart and. result in a larger expansion, as

the initial demiiy beoes greater.. The- change ifi sueII with respect

to density for a c6mpacted clay is shovn by Fig. 4. Also illustrated

is the influence of the molding water contenit. C6mpring the densi-

ties produced a~t a moisture content of 20%, it can'be seen that a,

I 'ensity of about 95 lbs/cu ft has, a-volifme ,change of -6% whereas a

density of 80 lbs/c u ft swells only About ..

16
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lent -i cr-stricture is- mrbduced under ai mari-ne enviirriment in wvhich

ther-e is, consider~ble hedge, to fade" conitact between pDarticles'



UNDISTURBED
Salt Water Deposit

K -- UtDISTURBED
Fresh Vater Deposit

J REMOLDED

Figure 5.- Particle Orientations in Clays (After Lamnbe)
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whereas a fresh water microstructure will have a more "face to face"

orientation or oriented microstructure. 'Whether or not actual con-

tact between the mineral surfaces does occur is still a subjec of

discus-ion.

It seems reasonable to accept that some form of semi-sOlid can-

tact is established either between mineral to mineral or throg a

few Angstroms of very strongly adsorbed water, with the latter being

the more likely case.

The adsorbed water on the surface of the clay mineral ±mas been

shown by several investigators (22, 23, 24, 25, 26) to eist in a

state much different from 2'ree water. While the thickness is a

subject of disagreement, all agree that the water closest to the

clay particle shovs the greamest difference in its Drorerties from

that of free water, and is held to the clay particle by great forces.

Bolt (22) showed with consolidation tests on clays having essentially

parallel orientation that the average spacings between particles

continued to decrease with pressures up to 100 atmospheres. This

illustrates the extreme difficulty in extruding all the water from

between the clay particles.

Icrostructure produced by compaction The influence of

the clay microstructure upon the engineering properties of a soil

has been studied by several investigators by using compacted- samples.

Lambe (2, 13) in two excellent papers on compacted clay, has pre-

sented the concepts which have been generally accepted as to the

nature of the microstructure produced by compaction at various

20



L mlael ;-.ter cc~tezfts. A flozz-c21tmt = m st=zt-,e is mr fte3 Itlh
=ner~temts dry cif Tt~r I is a r-es-21t ef + - ___=-=et

I water al-rs ;c-zA the- clay particles which ___'m-t-es the teznaezzy

Iof the =--" tvaetiees to foQ-" 21l-s srac aze re- br-C-cen dcw ring

~ Icoctcm. As the -aater comtemt i-ar es the waler fr'!s areK n---eas an-d the natc e lcbetter a~iga th-s elves (fa:-e ta fae)

-jdurins the =caess cf c:=ction. 2::-z effect is i"I -"trtel in

M Te advmntiies of usitg z ace s tesi

Iz- J7stdt~r areag is that, tv ____ re

miCrstzrzctI,'es c=m be rrcs-:ced waith a fafr-ly tmifcz-= cempzsicm,

Thus, the sttmdy of the L-rcstimmtmre is pcssib21 - tdthz-t tte effec-t

of 3zyerin& -whiabvh M w__ , --: d~ig mpxt-cra ersition.

Seed an-d Cain (27-) fard tmat the typee #nf czstci-cn ray hmmre

a considerable inf 1 " 'e qpm the resaulirng -iestract~re teCC-

zacted vet of oti=-- r.oistv=e ccnmtent. S=EC-es ccmt-acted ry o

ousbi=m -will' nrrma retal:31 their flocculent nature as -the type of

K compaction Vill, mot destroy the orien3tation. They found that knead-

ing and impact, cc~waetion a:=peared to produce a more disrersed atric-

ture wet. of optimm. The,- reasoned. t.hat. greater induceli shear

strains by these two types of campaction Caused the carticles to

become oriented thus inc-reasimg the degree of '"face to face

ar-rangements =~re than static or vibrating coa action.

Seed et, al. (28) in a study of theb- swell and swell pressures

of compacted clays, concluded that the microstructure was one of the
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major variables controlling the swelling behavior. .'easurement of

the miarostrudture was done idirectly based upon shrink-swell

characteristics of the ermpacted samplez. The more flocculent
(compacted _dry of optimmm water content) microstructures had con-

siitently higher swelling, pessures and the largest volumetric

increase.

Russam and Coleman (29) studied the compression and expansion

characteristics of chemically prepared flocculent and parallel

oriented microstructures. These results tend to support the earlier

s concepts of -how the microst7rcture vill influence the swelling

behavior of clays.

There is little direct evidence of the microstructure produced

by compaction. Aylmore and Quirk (30),studied the microstructure of

clay by electron microscopes and advanced the concept of multi-

grain formations in which domains of oriented particles were ar-

ranged in a random manner or "turbostratic groups." Sloane and Kell

(31) studied the microstructure of a pure kaolinite which had been

compacted by several methods. They used the technique of Aylmore

% and Quirk (32) to prepare platinum-carbon replicas for electron

nicroscope studies. The samples were air dried prior to study and

the degree of disturbance to the microstructure by this process is

unknown but could be significant. By studying thin sections under

an electron microscope they observed that the microstructure was

more of an oriented aggregate of particles or packets which was

termed a "bookhouse" nicrostructure as being more descrir.tive
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kFig. 7). Mhe degree of packet orlenlation increased with the

=olded water contents; however, the particle orienYation in the

r'kets did not appear to be significantly changed. They did observe

varioas zones of orientation near the surface of the compaction

h2=er which extended as long chains of orientrted packets forming

shae.Llw trajectories in the -omp'acted clay mas. This supports the

concept of Seed (27) that the shear strains induced in the soil

-i'ning the compaction proceaz increased particle orientation.

Clay nicrostructure identificatiou The identification of

the particle arrangements which exist in soil bave been advanced

significantly with the development of methods to evaluate the micro-

structure. The most common methods that have been used are X-ray

diffraction, retrographic microscopy and transmission electron

microscony. The early work of Mitchell (16) using petrographic

-icroscope techniques and the electron microscope studies by

Rosenovist (28) have generally confirmed the validity of the concepts

of fL.occulent and oriented particle arrangeznents in natural sediments.

Use of the X-ray diffraction techniques for particle orientation

has been done by B1rindley (33,, 34-) and Martin (35). Their work was

done to ensure complete randomness of clay particles so that X-ray

diffraction patterns could be used as a quantitative method of deter-

mining amounts of the various clay minerals present.

Kaarsberg (36) used X-ray diffraction techniques to study the

natural consolidation effect of particle orientation. He found that

the particle orientation increased with depth for shales studied

24
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ze~~~~c~--ie i lt: ae ~~±sws~--e r

I

ties ter sises.

ce -eoa (r. 7 u' a -_es3 a in e so the rutio c i -b ?y

=% n-ed the basal =d lm i erities of P. saf mrmal to

cedirg7 to -,.cse of a sa-=!ltsk - tama~ll to tae br-e-l -tis

wCu.ld ter4A to eliminzte ether fetatrz -wbiCh aih ffe e-' t~e pc4

a i ntensities for dife!feuent no _ s sapls

ccmpsitien7, and deg-ree of crystolj-haity.

Other iinvestigators (38, 39) have also si~cessfr1 1 y rsed -y

d-1: cto t i-s o etrine izartic~e orientation, in natural

se-7tbnts. tiese me-tncds oll inrolve- re aticasbhics of basal and

prismati-c peak intensities. Gda= 010) used a rethiod invfolving only

a co~parison of basal i-ntensitIies foir akallel and nor=--l santMles.

it is felt that this method mxst be ont i to criticism as the varia-

bility between samples previously r.-ntioned may influence the re-

suits and, interpretation of the degree of orientation.

Perhaps the most detailed visual evidence of particle orien-

ration has been provided by transmission electron microscopy. The

microstructure of marine deposits has received particular attention

since the open structure can be easily studied by this method. The

dense deposits provide some difficulty in interpretation as the

particles are so clcsely packed. The largest drawback to this

26
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ID reth'is----ne wat=T==t at lx.I~

~ .=L.ves. Me _rr-ble~s assnci atedI Wi~th thzis cre e.satiz o =re-ent estrutien of- the~ aed-s;

~2i ~-e largely tee= resolved by ?.2sz:h (10) aI Rtrles

( _l. 3th hase =sed I~e -nti2 to re~'ve the water before

__egatrthe ssle!-s vrit vmarivzs cc=-oxds to provide the re-

:;5±e& rigidxty of tte ss.-.Le -for tbin section yrepratic.n.

A rezett a~a~vancrt inthe field of electzran miercscony has

been- the develorzert of a Sanig Pectrcn I-icroscome. -Mzage for-

aioin~ the case of the Scanning --l-ctrocn Microscope, difi'.rs from

thet of th-e crnventional l1 eectron m croscope and oitical microsope-,

fnese ireges are Torzmed d-7rectly by lenses, -in 'that the image is

V -form-ed on a Cathode rLy tuboe after firet converting information from

the stecimen's surface into a train of electrical signals. In the

Scanining Electron Microscope, a finely focused.electron probe scans

'c' the soecim-en under study by bombarding the specimen.

Data is then accumulated from many points to build up a repre-

sentation of the area being viewed-as the probe strikes only one

point on the specinen at a time. At the same time, the cathode ray

tubie is scanned in synchronization with the electron beam so that

each point on the cathode tube represents the same point on the area

being viewed,.

Generally, the Scanning Electron M~icroscope is characterized

by a great depth of focus, high resolving power, simple preparation

1%O
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of sPeci-ien and low intensity of incident electron probe.

The great depth of focus is 6 very desirable feature for micro-

structure work, as a larger range of particle sizes can be kept in

focus. The other main advantage of the Scanning Electron )4icroscope

is in sample -preparation. Relatively large samples can be used,

thus -eliminating-the need to use more sophisticated and time con-

suming techniques to prepare ultra thin sections required for the

transmission electron microscopy work.

The use oP Scanning Electron icroscopy is continually broad-

ening into various fields. The -use as a tool for microstructures,

has not been extensive. A recent paper by Borden and Sides (42) is

perhaps the first application to soils engineering. They investi-

K gated the influence of microstructure on the collapse of compacted

clay. They evaluated various techniques of sample preparation in-

cluding numerous impregnation agents, methods of fracturing the

sample and treatments of the fractured surface prior to coating with

a conducting substance. Of interest is the fact that the final

technique used was air drying the sample prior to fracturing the sur-

faces to be viewed. They concluded the air drying did not cause a

significant distortion to the microstructure.

Summary

(a) Generally, it can be stated that the higher the den-

sity of the expansive soil the greater the swell that will occur.

(b) The magnitude of the external loading placed upon an

expansive soil will influence the resulting swell. If the load

28
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applie, to ',be soil is equal to the swelling pressure developed,

no swe U will occur.

(a) The concepts Of flocculent and parallel orientation of

clay particles in natural clay deposits has generaly been confirmed

by various techniques including X-ray diffraction, electron -micros-

Vcp and p-trugraphic microscopy.

(d) The influence of the soil microstructure upon the engi-

neering properties of a soil has been largely inferred from its

physico-chemical properties.

(e) The microstructure in compacted clays is controlled by

the molding water content and the compactive effort. A flocculent

microstructure is produced on the dry side of optimum moisture con-

tent and the degree of orientation will imbrove us the molding- water

" - is increased-.

(f) The recent concepts in microstruicture evaluation are
toward multi-grain or packet formation in which the particle orien-

tation is not changed by mechanical manipulation (compaction) but

rather the packete themselves are oriented in either a flocculent or

dispersed orientation.

(g) The type of compaction may influence the degree of

orientation significantly on the wet Side of optimum moisture content.

Kneading and impact compaction may produce a higher degree of orien-

tation than static compaction.

(h) The effect of particle orLentmtion upon the swelling

characteristics has been limited to indirect observations without an

attempt to determine the actual microstructure by visual or other means.
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SECTION IV

11-, EIfTAIS AM,3 TST PROCEMIHE S

A highly er ansive clay soil which contained & significant

a.ount of nontorilonite was selected for study to neet the stated

objectives.
c

o 
¢-

The soil used was a Sn Saba Cay obtained from Bosque County,

Texas. This material was sampled from a cultivated field, 1.2 miles

northwest of the intersection of State Highway 174 and Farm -Road 92T

near Yrgan, Texas (Fig. 8). The -aterial is dark gray, has a black-

granular structure- and contains a limited amount of visible organic

matter. Me aoil was sampled from a depth between 6-16 inches.

The San Sab& Clay ;as then air dried,-. pulverized and- the soil

fraction passing the U. S. No. 40 sieve was utilized in the testing

program. Prior to use, the clay was modified by the addition of

five percent on a dry weight basis of a relatively pure highly

crystalline kaairite clay obtained commercially from Dresser

Industries, Kosse, Texas. The addition of the kaoliiite clay was

required to enhance the Study or the microstructure. The kaolinite

was predominantly of clay size.

To assure that a uniform mixture of kaolinite and San Saba Clay

was obtained and also that the kaolinite particles would become an

integral part of the soil matrix, the following procedure was used.

After combining the two soils in an air dry condition, water was

added in a fine mist, and they were ndxed by hand. The soil was then

placed in double plastic bags and stored for a period of at least

30
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seven lays in the moist room. The soil vas them c-pm-ted, broken up

and allwed to dry at room tennoerature. After drying, the soill v-s

again pulverized to mass the U, S. No. to sieve and the mrocedure re-

peated. The kaolinite lost its vmite appearance and czuLd no lcnge-

be distinguished from the other soil particles. This indicated

uniform soil msatrix was obtained. V
The soil mixture will henceforth be referred to as San Sabsz Clay.

Test Methods All labcratory testing was. performed on the cen.us

of Texas ALM University with the exception of the clay microstructure

study using the Scanning Electron !icroscope. The Scaning _ 3 ectron

Microecone used was provided by the Southwest institute of Advanced

Studies located in Richardson, Texas. &

The facilities utilized at Texas AM University included

Department of Civil Engineering, Soils Mechanics Division and Mate-

rials Testing Division Laboratories, the Department of 4;roncay and

Plant Sciences, and Soil Physics and Clay M-neralogy Laboratory. Ml1

laboratory tests were performed by the author or irder his direct

supervision.

Engineering Properties Test Methods The following standard

engineering tests were performed 6n the selected soil.

Specific gravity The specific gravity of the soil par-

ticles is an important physical property which is used in most

mathematical relationships where volume or weight of the soil sample

is being considered. The specific gravity of a soil is an average

density of all soil particles present and is expressed as a ratio of

the mass of soil particles to their volume, excluding pore spaces

between particles.
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IM ee ~L of tte s ezifi~ g--Ity f---- stil, a

T7rC~ete= UUtIl-ze t'--Se s-he's

racce-=t ettsd (4)ezet thet afr is -zsed insteo.i of-daie

-,e-- rycc_--er' fs ca~irated directJ2y so t:hat any:3 ssre

*dkiVfere~ze in the two "bnezce cc-ntat-g Cir techxte

-1 mr,-- the -olI- cf soi2. Me -3aticl-:eit

of sgii ga7ity -is then fc-nd rwr the dry veiglt and the

V0ole ==Tied b he soil

Atre Lizzi-ts =-. Atter-berg 1-stests -wee re'-or-ei

ut'i~ngthe standpard e~atdevaelc-ed by Casagrand-e (44) ana

-:xcedures as givren by 1=--a (43).. Priox- to testirg, the sail

sca=Mles all- -=loed t ecaz-e fully satm.ated. by renaining in dis-

tE'1ed vater for:a, i-~- of 36 hous.-

Mec.hanical analysis_ Ske waticle size distr-ibution of the

vhole sdIl u-as accco .ished 'by sie-je analysis to eleterznine the sattl

2,ize distributlai -while aPc Iyrter analysis was utili:zed to oibtain

the sit1 and. clay pnarti-Cle size distributions. 7he standard poce-

dures used are thcse given by at-b (43). She clay particle dis-

tribaticn, was further verified by fractionation of the 2u - 0. 2U -and

<0.2.u clay particlIes during the course of the mineralogical analysis.

M Iethod of compa-cticn Kneading compact;,Ln vas selected for

ths tdysic nrza~yagreater variance of microstructcz-e can be

obtained on wet and dry side of optimim moisture contents. Z-ie soil

was compacted -with a California Kneading Comnpactor and the moisture

content dry density relationship obtained for the soil.
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-e -T=tive effort uzed was 200 psi foot pressure, with a -

.fl tie-sf- 0.5 seccnids. The soil was cc=mated in five equal

'yes vith 25 tas mer layer, in a 1/30 cu -- standard "Proctor"

To increase the uniformity of the cc acted Specimen, it was

sdesirable to t the fo_-zaticn of !1-0s -as the molding water was

added. A technicue of adding the mo l-ding water in a fine mist and

hand ixig the soil was found to be successful in reducing the size

and quantity of these lw=s. After =ixing, the soil was then placed

in euble elastic bags and stored in the moist room for a period of

at least seven days.

.nCoaacticn of swell test sze)cimens The moisture contents

to be used for the swell test were selected from the dry density

versus =oisture content curve. Points of equal dry densities were

desired in a range of 2-5% on either side of the optimum moisture

content. The same procedure of comadtion was, used for -preparing

samles for the swell test. However, :after mixi g several batches

at the same moisture content, the moist soil samples were combined

into a large plastic bag. After curing for about three days, mois-

ture content samples were taken and adjistments made if required.

The soil was then returned to storage until the seven-day period was

complete. Prior to the start of a swell test, the required amount

of soil for one sample was withdrawn and the specimen compacted.

The soil remaining in the large plastic bag was checked for moisture

content periodically and no changes were observed. The compacted

densities also remained copstant.
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Mineralogical Analysis 2-,!etheas

X-ray diffraction analysis The mineralogical composition

of a soil is an important factor in understanding its behavior. Mhe

X-ra4 diffraction analysis of both the San Saba Clay and Kaolinite

Clay vas performed using the techniques developed by Jackson (45) as

modifibd by-Dixon (46).

Pretreatment of the soil consisted of removal of soluble salts,

carbonates and organic matter to facilitate fractionation of the

various aiticle siZes. Fine sand particles were separated by wet

sieving using a U. S. No. 270 sieve (0.053 mm). The fine nd coarse

silt particles were then removed by successive sedimentation using

centrifuge teznmiques. The fractionation of the clay was also

performed using centrifuge methods. The following fractions we.e

obtained Tor X-ray diffraction analysis. 50-5p, 5-2p,, 21-0.2pj, and

<0.2p. The clay frictions were then saturated with magnesium chlo-

ride and glycolated to optimize interpretation.

The X-ray diffraction patterns vere obtained using a North

American Phillips high angle goniometer model instrument using a

scanning speed of I and -2. degreea per minute 20.

Soil Microstructure Analysis Methods

X-ray diffraction method The principle involved in the

study of clay microstructure by X-ray diffraction is very simple.

The intensity of the X-ray peak from a part'icular crystal plane is

controlled by two factors:

(1) Clay concentration in the irradiated volume, and,

(2) Orientation of clay particles in that volume.
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~ -~-wzrs, tbe diffracetcoeter can enly record reflections

Z:r -- cryistals vhich satIsfy the Bragg equation and are situ-

at i a ="-ae ~~lto the axis of rotation of the srecii en.

=-e aiev zinerais p~resent In the soil used in this investiga-

=-mls of = y±ontznri23.onite and kaolinite. Due to the

2ifere=tr-isnr conten-ts tobe used in establishing the micro-

S~j-t,=te, zhe nnnrloiedid not have well defined X-ray

sks. -..neefbre, kaolinite was chosen esanidatrealfo

T-e Ki- f 4 l'azticn reaks selected for the nm-icrostructure

iernetat:~n ere the basal reflectici (002) and the Drisnatic

1k 2.e Fe~k Rz--r U-2) as aewveloped by Martin (-26) was used as one
ter=ar'*l*TerS =Sed tz cn~are rarticle orientation.

02D:

FS wlU iniioazte a change it r-aaticle oienttion sin ce as

t:. z--P bece- :mre orientated (I.ar-1lel to the cC=Daeted

S ~ ~ ffr) th!e (:M) tzzpairefl-ctic'. Vill Lreresse and the prisr-atic

r~ectizn(C20D) --:11 erae

T-1 :=dE- tc theni * v~ ariatien betweeai the ccpscted samtles

F zseda y the difere yv densities testz-ed- (Eirexal ccnentration)

a 41to of '-e teak -.t-s as =sed. She Orieirtaticn Ratio (OR) vas

est~ .ihedw~chis eonai to

D,0



OR = PRO
PRI PR, = PR of a sample parallel

to the direction of com-
., paction :

PR, =R- of a sample normal to
the direction of compaction

The OR will eliminate the differences between comvacted samDles

caused by variations in mineral and particle size concentrations of

the tested samples. This ratio will provide a valid means of com-

-* paring the degree of orientation for the selected values of dry

densities from the compaction curve. -

The OR was then determined for selected points on the dry

density vs moisture content compaction curVe. Theoretically, the

limits of the OR would range from 1.0 for a random microstructure

and approach zero for a completely parpllz. oriented sample.

The samwles to be tested were cut from the center portion of

the compacted specimen with adjacent s&tples being cut in a parallel

and perpendicular inane to the compaction effort.

initially, the specimens were cut approximately 1.0 x 1.8 inches

and O.4 inches thick. The cut specimens were then placed in a solu-

tion of Carbo;ax 6000 in a closed container which was maintained at

6 0 (16). All samples were found to be completely impregnated after

remaining about five days in the Carbwax. The specimens were then

reroved and allowed to cool to room temerature before final shaping.

The samples were carefully ground using carborundm to an exact

thickness of 0.2 inches and approximately 0.9 x 1.5 inches in length

and width. Thus, ;he area which had been dist-irbed during sample

37
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cutting prior to impregnation was removed. The samples in their

final form had two large smooth parallel surfaces for X-ray dlffrad-

tion. The specimens were then stored in a desiccator prior to test-

ing.

Special specimen mounting holders were constructed of plexi-

glass to assure pro er alignment in the diffractometer during running

of the test. Various scanning speeds were # ed nd speeds of 1/20

andl /40 per minute were selected as oeing the best tor tie desired

Scanning Electron Microscope method A JSM-l Scanning

Electron Microscope, manufactuxed by Japan Electron Optics Laboratory

Company, Ltd. was ised in this study. The mode of operation of the

electron microscope used was secondary electron imagery as this mode

provided the highest degree of resolution in the scanning microscope.

Once the probe was properly focused on the specimen, the cbanging of

magnification or specimen orientation did not require any change in

_ focus. This is one of the reasons that the depth of field is en-

hanced and improves the interpretation of scanning electron micro-

graphs. The depth of field is one of the -most desirable features of

the Scanning Electron Microscope.

The samples selected for study under the electron microscope

were those of the two selected moisture contents which corresponded

to the two states of microstructure.

YT
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Initially, small cubic specimens were obtained from the center

of the compacted sample. The spenimens were then fractured both

vertically and horizon tally to give approximately 0.3 inch cubic

specimen. The cubes were then trimned and cut diagonally to give a

prismatic specimen with :a base dimension of a 0ut 0.25 inches. Two

orthogonal planes which had not been disturbed by cuttingwhich

represented a surface parallel and ,one normal to the direction of
! -

-compaction were then prepared, for study.

The fracture surfaces were cleared of the layers of damaged and

reoriented particles caused by the fracturing process by a method

dszoribed by Bc4ei and Sides (42) using a number of applications of

adheaIve tape.

, ter the surfaces were cleaned, the specimen was mounted on a

special specimen plug and coated with gold palladium by metal

evaporation to render the surface electrically conductive for

viewing in the Scanning Electron Microscope. Several other coating

metals were used, however, gold palladium provided the best results.

7-' Samples were then placed in the specimen chanber of the microscope

and viewed at various magnifications from 600 to 8000 times. Photo-

IL micrgraphs were taken of ,selected representative areas and enlarged

by photogra~hic means.
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I
S.;ell Test Apparatus and Methods

The Bishop Oedometer The Bishop Oedometer, HCl Hydrauli-

cally Pressurised Consolidation Cell manufactured by WYKEHA14 FARRAN1CE

F!IGINEERING Lfl4TED, was originally developed as an improvement to

the standard method of rutoing the consolidation test. A schematic

diagram is presented saowing the basic components of the pedometer

in Pig. 9. The oedometer with top removed is shown by Fig. 10.

The advantages o: this type of consolidometer are:

(1) it is r#:ssible to measure pore pressure.

(2) It utilizes a flexible Diston to transmit the

hydraulic load to the upper surface of the soil.

(3) It reduces the effects of the side friction since

the measuring pad is located in the center of the 

sample.

The only modification necessary to the oedometer, in order to

measure high suction pressures, is to replace the standard Porous

stone with a high air entry ceramic stone. This was done, using

a 5 Bar ceramic stone made by the SoilMoisture Equipment Corporation,

Santa Barbara, California for this study. The stone was then cemented

into the bottom of the chanber itsing a high strength epoxy glue

(E-POX-E glue No. EPX-I, manufactured by Woodhill Chemical Company,

Cleveland,- Ohio) which had the desirable property -of expanding

slightly when submerged in water for any period of time.

41o4

, -

. . ... . . -S



t

17 --

CHAMBER
DRAINAGE
PLUG

KEY

I. HIGH AIR ENTRY CERAMIC STONE 10. CHAMBER TOP
2-SAMPLE RING II. CHAMBER CLAMPING SCREWS
5. FLEXIBLE RUBBER MEMBRANE 12. FOUR LOCKING NUTS
4. TAPERED INTERNAL RING 13. LOCKING RING
5. POROUS STONE 14. UPPER 0" RING
6. SMALL METAL MEASURING AREA 15. SAMPLE RING CONTAINER
7. LOADING YOKE NUTS 16. LOWER "0" RING
8. LOADING YOKE ADJUSTMENT SCREW 17, DIAL GAGE
9. CHAMBER PRESSURE RELEASE

VALVE

Figure 9. Bishop Hydraulic Oedometer
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Once the stone was cemented into piace it was saturated- by

filling t1e chamber with. demineralized, deaired water and allowing

the sy. ystems to remain under high pressure for approximately 24 hours.

About i00 ml of water ,was then forced through the stone to remove

any air which was trapped in the stone and had gone into solution

under the high pressure. The chamber was- then depressurized,

drained and filled with air. The air bubbling pressure of the stone

was checked. It was found that pressures of 75 psi could be main-

tained without air bubbling through the stone and a failure of the

measuring system.

Supporting system In order to meet the objectives set

forth, the following supporting system was designed to provide the

control and capabilities desired. A schematic diagram of the entireI
system is given in Fig. 11.

Air pressure cham'ber To provide the necessary -air pres-

surs ... for the axis of translation technique it wae required that

constant air prec-sures could be maintained for lengthy periods and

I that these pressures could be accurateily measured.

- To meet these requirement5 it was decided to use an air-water

pressure chamber which .as connected to an air supply through a

100 psi pressure regulator which could maintain constant pressures.

The water in the pressure chamber was connected to the central valve

Isystem through a long length of tubing, approximately 15 feet. This

was done to prevent contamination of the deaired water in the rest

of the system when pressure measurements were taken.
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0 Load and back pressure system Vie use of self-adjusting

mercury pots to provide constant -ressures for long periods of time

.is well established. If any small leak develops or a change in

volume in the sample, the self-Tadjusting spring on the pots vill

compensate and maintain the pressure at a constant value.

Two sets of self-adjusting mercury- pots were used. One was

utilized to apply-the IQading on the specimen while the other was

used to apply water -at known pressures to the sample. The pressures

were transmitted thrOug the central valve and measurement systems

to the Bishop Oedometer.

Measuring system The measuring system used was similar to

that given by Bishop and Henkel (PT). The main components consisted

2
of a pressure gage, calibrated in 0.10 kg/cm., a mercury manometer

calibrated in 001 kg/cm2 with a maximum reading of 1.8 kg/cm2 and a

screw control pump for fine adjustment. This system was used to make

all pressure measurements for the entire system.

The manometer was adjusted to give a zero reading fqr water

level at the top of the ceramic st':ne.-

All components of the system were inteeconnected through a

central valve network and manifold which increased the ease of

operation and maintained a better control o',er the entire operation.

- Pore water pressure measurement apparatus Pore water

pressures were measured by using a Bishop null indicator, illustrated 4

in Fig. 12. The principal advantage of the null indicator is that

* the pore pressure can be balanced rapidly by applying an equal pres-

I4
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Figure 12. Bishop Null Indicator

'6



sure to the other side of the mercury column preventing any flow of

water either into or out of the soil samole. The small diameter

(1/16 inch) mercury column provides high sensitivity in measurements,

whereas, the larger bore tube provides an adequate vs.lume of mercury

to prevent loss of 'the mercury column due to accidentally unbal-

incing the -pressures.

For flushing and deairing the apparatus, a mercury trap is pro-

vided §0 that free passage of water is possible by tilting the null

indicator and -allowing the mercury to flow into the trap.

Prior to testing, the mercury column is raised to the desired

lev'el and the system balanced. By increasing the pressure rapidly,

the null indicator can be checked r any trapped air bubbles which

are indicated by a change in the mercury water interface. Movement

of less than 1/16 inch was consiered to be a result of elatic

expansion of the null indicator and not a result of trapped air.

After the initial desiring of the null indicator, the operation only

required flushing with fresh deaired water prior to starting a new

test.

Moisture content measurement A Bishop volume change

device was used to measure the amount of water that flowed into the

sample during an application of back pressure. This device, Fig. 13,

measures the volume change by the displaceme,.t of the surface between

water and colored kerosene. The inner tube is c-alibrated so that the

volume of water displaced may be read directly. The apparatus was

used in c.njunction with the self-compensating mercury pots which
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arz1 ied the required back-r Mase.Te change in =otst'are content

-- could be oaliculated kcwirg the - -lu~e of water flowing into the

sa----- -i-, inal oisture content an& density of the srecimen.

Swe'l test nrocedures Before b -ning any test the entire

syste was fLushed with d neralized deaired water and. the ceramic-

- stone saturated. -

- The compacted soil sample was cut and trimmed to site in the

dutting. old, and the ends trimmed flush to the sample holder-

Finished sie of the samole was 3 inches in diameter and 0.75 of an

inc I thick. The samDle- was then mounted in the oedometer.

Once the sample was pldaed in contact with the ceramic stone the

oedometer was assemble, as rapidly as possible. The upper chamber

was filled with water by us-ing a seoarate pressure chambe, to supply

water rapidly to the chamber. In order to prevent cavitation during

the assembling and filling tle upper chamhber it was necessary to

open the valve on the pore pressure system for a fraction of a second

to relieve the negative pressures. This procedure was used by Olson

and Langfelder (5) and the small amount of water moving into the

sample should not affect the soil suctions significantly.

Once the upper chamber was filled with water, the air pressure

and chamber water pressure were increased simultaneously in the axis

translation technique. The dial gage was then read and this reading

taken as the initial value. The loading was then applied to the

specimen by use of the mercury pot system. The pressure applied was

equal to the desired loading plus the applied air pressure.

49
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-Me sa=ple was then allcw:ea to cc=e to ikbr with the

applied l.ad. Perioaicf easure-.ents af the c'e water pressures and "

the dial gage xveare taken. Equilibrium was reached when the tore

water Dressure remained constant c.e' -a _reriod of ime -and no further

movezent of the dial gage occurred. This point was hoim_4fy reached

in a period of time ranging from 5 to 24 h~urs-

±'e soil suction, which is the algebraic difference between the

applied air Dressure and measured pore water pressure, was then re-

duced in increment until the soil suction reached zero. This was.

done by applying a back pressure equal to the pore air .pressure

through the volumetric device to the oedometer Periodic measurements

of the amount of water moving Lto the soil were made until the de-

sired quantity had Penetrated the soil. The times of back pressure

application depended upon the degree to which the suction pressure

was reduced. They ranged from a few minutes to about 36 hours for the

last increment which reduced the suction to zero. Periodic readings

of the dial gage were taxen. The swell was computed based on the

percent vertical change from the original sample height.

After testing, the sample was removed and the moisture content

checked. Prior to testing a new sample, the entire system was

flushed with fresh, deaired, demineralized water.
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IV
RESULTS P2D DISCUSSION

- !.aneralo I-= minearogical analysis of the San Saba Clay as

iodifie& by the addition of the kaolinite clay is presented in this

section. 7Tne mineralogy of the kaolinite is given in Appendix I and

CTwill not be discussed in this section other than to say it is a

relatively pure kaolinite of very high crystallinity.

A alysis of the mineralogy for the San Saba Clay was performed

for the following soil fractions: >50v, 50-5U, 5-2p, 2-0.2v and

<0.2j. Tte X-ray diffraction patterns obtained for each fraction are

contained in Appendix T. The fine silt 5-21) and 'clay fractions of

the soil were saturated with magnesium and ethylene glycol to enhance

the identif-ication of m6ntmorillonite. Table I summarizes the min-

eralogy of each of the soil fractions.

Discussion of the mineralogical properties The use of X-ray

diffraction patterns is well established for the identification of the

various clay minerals present in a soil. A mineral has certain diag-

nostic X-ray peaks which are a result of its crystalline structure.

The location of these peaks has been well established by many inves-

tigators and can be used to determine the type of clay minerals

present in a soil as well as a rough estimate of the amount of each.

The sand and coarse silt fractions of this soil consisted almost

entirely of quartz. The diagnostic X-ray peaks for quartz are very

0
strong and shard peaks at 3.34 and 4.26A. The fine silt (5-2p)
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TAXIE ! ETf.ATED-AB DACE OF CLAY IMEALS

Grain size Minerals present

Sand, >50P Q.

Silt, 50-2p QK2

Coarse clay, 2 -0.2p

Fine clay, <0.2p l2 3

- A - K- Kaolinite

-2 lo-4o% I - Illite
3- <10% M - Montmorillonite

0Q - "Qartz -

fraction contains quartz, kaolinite and illite.
0

lgaolinite has X-ray peaks at 7.14 and 3.57A whereas the illite
0

was identified by its characteristic X-ray peaks at 10 and 5A.

The clay was separated into coarse (2-0.2p) and fine (<0.2p)

fractions. The coarse fraction contains mainly kaolinite and illite.

A small amount of quartz was also present. The fine clay fraction

consists largely of montmorillenite. The strong, sharp X-ray peak

at 17.TA is indicative that a large quantity of this mineral is

present.

In summarizing the mineralogy of the San Saba Clay, the soil is

composed of quartz, montmorillonite, kaolinite and a small amount of

illite.

The presence of montmorillonite in a large quantity is a good

Cindication that the soil has an- expansive potential. Montmorillonite I
has the unique property of an expanding lattice structure, which
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greatly increases its ability to -adsorb large quantities of water.

Also, the normally small crystals (<0.2ji), provide a la±ge surface

area for adsorption of water molecules ,per unit volume, further

increasing its exparisive, potential.

San: Saba Clay, due to its montmorillonite content, could ve

exnected to be a solewhat troublesome soil on which to construct

structures with ight fowndations. During seasonal fluctuation of

moisture content, considerable shrhking and swelling may occur in

the-soil.

Engineering Index Pkqperties The ±esults of the standard engi-

neering i ndex properties aie presentea in Table 2 for the .San Saba

Clay. Included are the specific gtarity, the liquid limit, plastic

.limit and plasticity index.

TABLE 2 ENGINEERING INDEX PROPERTIES

Specific gravity 2.63

Liqcuid limit 5.8.0

Plastic limit 21.6
Plrsticity index 36.4

Grain Size Distribution (%)

Sand, >50p 5.6
Silt, 50-2p 43.1
Clay, <2p 51.3

The results of the compaction test are included in this section.

The soil was compacted using the California Kneading Compactor. The

optimum moisture content was 22.5% with a maximum dry density of

100.2 lbs'/cu ft. The dry density-moisture content curve is given in

Fig. 14.
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Figure 14. Kneading Compaction Curve for San Saba Clay
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I Based on the index properties and grain size distribution of the

San Saba Clay_, tbe soil would be classified as an inorganic cl ,y of

-high flasticity - "CH" in the Unified Soil Classification Syste,.

Discussioh of engineering index oroperties The liquiO

limit of 58 is indicative that the clay has a considerable amount of

montmorillonite, as was Shown in the mineralogical analysis. In gen-

eral, soils which have a Plasticity Index (I) greater than 30 will

normally have a considerable shrink-swell! potential. The I of 36.4
p

-.a uld iidicate a moderate swelling potential for this soil.

The moisture content-dry density cufVe obtained from the knead-

ing compaction was analyzed to select the molded moisture contents

I to be used for the swell test.

The moisture contents between 2-5% on either side of optimum

S -were selected as the general range which would provide the desired

-microstructure changes and still keep the soil suctions compatible -

with the air entry range of the ceramic stone used. The dry density

value of 96.8 lbs/cu ft was selected as meeting these criteria.

Moisture contents of 19.1% and 26% were used. Sample preparation

was developed so that the dry density could be duplicated throughout

the testing period. A variance of ±0.3 lbs/cu ft was accepted as

allowable.

The minimum curing period of seven days provided a constant

density and no changes to compacted densities were observed at longer

periods of curing.

Microstructure The data obtained from the study of the clay
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microstructure is divided into two areas and discussed separately.

These areas are the results of the (I' X-ray liffraction !echnique

and (2) the Scanning Electron Microscope.

X-ray diffraction results for-microstructure The X-ray

peak intensities used for the determinatiom of pAktidle orientation

included the (002) and (020) peaks of kaolinite. Typical results are

given in Fig. 15 and the corresponding peaks identified with a "K
'

beside the respective number to indicate kaolinite. The data show-

ing peak intensities are given in Appendix II. Fig, 16 shows the

change of particle orientation cf the cipacted samples with changing

comacted moisture contents. The m&.mum degree of dispersion is

apparently reached near the optimum moisture content and decreases

slightly with moisture contents significantly wet of optimum.

Discussion of X-ray microstructure results Kaolinite as

an internal standard for the microstructure was selected for several

reasons. First of all, the montmorillonite X-ray peaks were very

diffuse and could not be easily distinguished. This is a rbsult Of

several factors, the primary one being the incomplete saturation of

the soil, which would cause a non-uniform lattice expansion of all

the montmorillonite particles. This factor was very evident in the

drier compacted samples as a very broad band was produced.

The second factor was the very weak prismatic peaks of montmo-

rillonite. The high degree of background scatter in the X-ray

patterns tends to obscure thede peaks altogether.

Kaolinite, being the second most common clay mineral in the
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Figure 15. Typical X-Ray Diffraction Patterns of Microstructure Samples
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Ssoil ratri:, was selected for microstructurte analysis. Kaolinite has

very strong distinct X-ray peaks which permits identification of the

Iselected peaks possible. -

From. Fig. 16 it can be seen that dispersed orientation increases

,,. 'th increasing moisture contents until the optini moisture content

is reached. it then remains esseitially the same until about 26% at

-which pbint apparently a decrease in preferred orientation begins.

The decrease in dispersion may be explained by abalyzing what haprens

during co=action as the soil appzoaches saturation. For marticle

J orientation to change, a stress must act on the soil wrticles. As

the degree of saturation increases the stress transmitted to the

{ pbrticles during comaction is less as the water takes wft of the

stress. There would, therefore, be less force acting on the particles

and consequent2y- the rearrangement also would be less.

The orientation study of compacted clay by Lambe (2) using the

. petrographic microsc6pe shows a definite change in slope of the

I orientation curve near the optimum moisture content. The degree of

saturation for the various data points is not given but must be one

of the factors influencing this change in slope. Cementing agents

(organics, carbonates, etc.) preseint in the soil will also bave an

influence on particle orientsti ji. 'The degree of reorientation pos-

s h' by mechanical means may be some .nat limited, if these bonds are

strong.

The results of the X-ray analysis point out that the occurrence

of multi-grain structures (packets) is very probable. However, it
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is 1'-ted in defining vhether packet or individual partIt e

orientations are nresent in a soil as no visual evidence is arovided.

The -ray analysis of the nicrostructure will give a good average

orientation of the particles and vill shoi overall gross orientation,.

Scanning Electron Microscope results for microstructure In

order to try tO define whether Packet or individaal partic-le orien-

tation was prevalent iu the co-pated sa-rples, electron m-icrgrahs

were taken of samles at the two test :oistaure contents used in the

swell test. Bdth sa;-ple's had the sa-e dr- density but -ere copacted

at 19.!% and 26% goldng t--ter contents.

Representativ : electron micrograns are presented on the follow-

ing p~ages. Surf~zces horn-al and Darallel to the comnaetive effort

are shown.

.iu :ztfucte at 19.1% roisture content Figs. 17 and 18

were taken 6f the surface nor.ial to the, direction of the coaactive

effort. The general appearance of these figures is cha--'acterized by

a multitude of packets which appear to bu generally arranged in the
0

-plane no-al to the compactive effort. Also, they give the impres-

sior of having a very open network of particle packets and relative

large pores between the packets.

In Figs. 19 and 20 a surface which is parallel to the direction

of the compactive effort is shown. These figures show a number of

packet edges to be present. However, there is st-l!-an overall ran-

domness of the orientation of these edges as well as some packet

faces apparent in the micrographs (Fig. 20). Generally these
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micrographs give the appearance of a somewhat random orientation of

packets and do not seem to be characterized by individual particle

orientation.
Microstructure at 26% moisture content Figs. 21 through 23

were taken of the surface no.-mal to the direction of the compactive

effort and Figs. 24 axfd 25 represent a surface parallel to the com-

baction. In general, thece micrographs appear to show a micro- j

structure which is more massive and has a lesser degree of openness

than ,the sample co4pacted at the drier moisture content. A high

number of -1adket faces are shown normal to the direction of coim-

paction but there is still a certain amount of randomness, present.

The mici6(ra.phs sho-ing a surface parallel to compaction still nave

a somewhat iandoi appearance.. The lesser degree of openness tends

- to give an impression that a higher number of packet edges are 13

present. In the general topographic view (Fig. 24), this randomness

can be seen,.

Comparison of wet and dry side icrostructure The micro-

structure i iustrated in the preceeding micrograbhs is a much more

complex system than the current idealized representations in the

literature.

The surface normal to the compactive effo-t in both samples

* appears to have a large number of packets in a plane parallel to the

micrograph. By comparing Figs. 18 and 21 the massiveness of the

wet side sample is obvious as is the lack of large voids.

In comparing the surfaces parallel to compaction of the two
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Figure 21. Scanning-Electron M4icrographi View 1,
Showing a Surface Normal to the Direction of Compaction (26%)
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Figure 23. Scanining Electron Micrograph, 'View 3,1
Showing a, Surface ZIonnal- to the Direction of Compaction (26%-)
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igure 24. Scanning Electron Micrograph, View 1,
Showing a Surf'ace Parallel to-the Direction of Compaction (26%)
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;moisture contents, there is a hagbher occurr-ence of "edges" in the

v et side sale. '-,his vould indicate =ore n-article cra6en . in

this sanole. ! cne'vev the sano-,le does mot. avr-c the degree of

disupersiqn pretiou-cly indicated in the literature.

The -cohceots off Sloane and M0 (31) are mePrs-- in closer

agreenent. 'iitlh the mragraths obtained. Mhey concluded that the

Iconxicted soil consisted of' =-'ati-grain packets -;&-icb vi-3 be in vr

jous degrees of orijentation depending uton, ihe =olding vatee content

for co--Daction.- Wth standard elect-rcn, nicrosco-oy, it ha been, very

difficult to obtain a depth of field -whia would give pc=e- insig At

as to the actual m2e-up of the rackets. -in Fi1g. 1.8. the heighlt of

the pDackets is quite easily seen; howrever, it was not possible to

di-singuish the actual orientation offparticles within the packets.

* uayThe data obtained, f-cm both the -X-ray di-ffraction

and sdAhning tel ectron ricroscopy techniques suggest ,'hat, the change1;in the micostructur6 nc produced by kneading comipaction (,wet and dry

of optimtum) is not significant. For the soil tested, the maximum

dispersion possible under the compactive effort used is reached

around optimum moisture content and decreases slightly for moisture

contents above 2 6%.

The 6a0ection microscopy results indicate that a multi-grain or

* acket -Prmation is prevalent rather than individual pairticle orien-
u sesino

tation. Compactionwas effective in causing increasing disprino

the packets but it is felt that the orientation within the packets

themselves was not altered significanitJ. Diamond (148) performed a
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I
si=Ji1=- study on cc=ercial -kblinite and Ei-1 te and also eonr:2-.d

that the fientatic for w-et and d_- side co action -'as o signifi-

cantly different using ==aact cozpaction.

Using the Itassifications of orientation of Odc (hO), the -.i:cro-

te vOld var - -- = a l'moor" -iefervd orientation to one with

only a "fair" degree of mreferred orientation. Wile a certain zant

of rreferred orientation does exist, in the wet of op-iun sa-nleit

d"es not approach a disese microstrueture.

Swell Test Analysis 7 hnis section is divided into three ma-ts:

results of the initial soil suction for 6he seleced misture con-

tents to 'be used are -presented, first; the swell data for the -wet and

dry side copaction are presented separately. Values of suction are

renorted an, units of kg/cm rather than units of nF for ease of in--

teroretation as the data was in a smAll range of F-

Initial soil suction measurement he initial va:lues c

the soil suction for both the sambles ccmpactd at 19.1% and 26.0%

moisture contents were determined. For this initial deterrnalnation,

the exposed ehd plate method of Gibbs and Coffey (3i) was used.

STwo different procedures of applying the air pressure required

for axis translation were used. In one test, the air pressure was-

increased gradua.My in small increments to keep the measured pore

water preessre slightly positive. In another test, the total re-

quired air pressure to prevent cavitation from occurring was applied

at the start of the test.

Figs. 26 and 27 show the equilibrium time nd soil suction
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relationshi-Ds., The initial suction for the 19.l%. roistUre content

sample was 5.18 k/mfor the gradual increase of applied air pres-

2sure and.'14 kg/cm foI an initial aif pressure appl1ication of

2-~4.8kg/c . he 26% me;isture conte-nt sanpl adaalue o 15
at8 anc ir prssr of 1. 2 ehda:a- f 5

kg/c atan ir Dresur of1-5kg/cm , v~hereas by graduafly,- in-

creasing the applied air pressures, an initial- suction of 1.55 kg 2

was measured.

Discustion of initial soil suction ireesurmnt The deter-

mination of thd initial soil suction values fo:,- the connact-ed sarples

was very important for s, 4eral reasons. 12Sina-Lly, it was necessary

to determine if the capability of the cer~±mic stone was§ adequate. lz

the soil suction were greater than the air entry value of tesone,-

then cavitation would occur. Tihe pore pressure =easureet systen

would then break down and- inaccurate data would be ebtais ed. in

some early tests, when cavitation did occur, tte measuared pobre water

pressures began to increase rapDid,.y an~d with tine aproat±hed values

of the applied ai-'r pre~ssure.

the time req~uired to establish eqvilibtium between the ceramic

stone, applied air pressure and the soil sam-ple was greatly influ-

enced by the initial condition of the ceramic stone. If the stone

was too wet, a considerable lag time resulted before equilibriuim

*was reached. It was found that by ligitly wiping the surface-of the

stone with clean filter paper the proper initial condition of the

stone could be obtained. Equilibrium times ranged from 4 to 6 hours.

It was also observed that by increasing the contact a~rea between the47 75



stcre and soil to ebout 85%, the ti=e rearire-d for eqailbTriu. -was

decrieased. 13iniall' th tests were rerfG-ed using9 about 70% can-

tact area as sugested for the exrosed end olate tecb e but

resaited in equilibriiz= ti-es exceedi8ngurs

Ac=-arascm bet-.een -tte ztb -ethods off aun~n Lhe equire

air nressire -vas necessary to detenm-ine if- amy sigaificant' differ-

erces oimmrred. inth2niila1 eo soil sucticn. In the el

tet the ai essue woumld be au 1_Jed zt ihe- s ta f tb test.-

"he slighzt differ-e=Zoes of 0.4 kdcF amd 0.03 Wxjon vere quite

accotaleamd were ];rc7hzbly cansed by sl di ff erences in s.&mles

the~slees.

S val 1 test resmilts for sanules ca=acted at 29. 1% !Me Xe-

- - 2i;sip beureem slf sucic d r=asb=ure cotn ssham in

fig. 28. Th inflIr e-Le df the =pyldled exte-rnal- lcdr~ is denon=- -

strxated by the feiyof cmur-es s'ter-ted at a suction Of abot,

23k,-fca M~e inerease in loading had two effects. Pirtst, the moint

at -Xich tne Curve lefs h straight line pavnt, of the suction vs

r=oistane content cur-ve was at Iregressively lov"er soil suetions as

the load wias ipecreased. F-eccd, t66 fireal =oisture contents -were

reduced as the load increased and -mtried fron 30.24 at azero loading

2to 2P4.2% at, a load of 1. 5 -g/cn.

Ki-f. 29. shaws the ipfluepce uoon thbe swell of both the decrees-

ing soil suction and the applse&, ledings. M~axtimnv swell under zero

lead -was 6.9%o end decreased to o.h4%# at 1.5 2gC sth ieo

thve test loads increased, consolidation occurred during the
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eauilibriu= -3_eod. Mhe conscidation aneared to have vesxr little

effect uDon the Initial soil suction.

-Fig. 3 gives hen relationship betveen svel. and rzoisture con-

tent for the various t est loadings. -

-the ex)Drirental data is given in A pendix ITT. Table 3 -pro-

vie a tabular si ==-y of load, svei, noisture content values and

degree- of saturation. ->

TABLX 3 SMZE DATA SWITCOMY 91%im~A 4I~LJEC~~

Applied loading, kgm 0,0 0.1 0.2- 0-5o .0 -3 5' ;
Initial soil suctioni :

1 518 5.-0 5.Ok 5.00 4.98 4.95

initial degree of satu-
ration, -%) 72.3 72.6 72.7 72.3 73.2 7.7 -

Initial moisture con-
tent, (%) 19.1 19.1 191.l 19.1 19.1 19.1

Final moisture con- -
tent, %) 30.2 30.0 27.9 26.9 25.1 24.4

Final degree of satu-
ration, (%) 9T.9 99.8 97.2 99.5 93.2 9l.3

Swell, (%) 6.9 4.-7 3.5 0.96 0,85 o.44

Discussion of resu'gAt for swell tests (19.1%) It would-

appear from examining Fig. 28 that the test loading had very little

effect upon the initial soil suction of the sample As the moisture

content increased, the ccrresponding reduction of the soil suction
20

followed the same approximate path to a suction of about 3.0 kg/cm2.

Then, depending upon the loading,, the actual point of departure was

at a lower value of suction with increased loading.

To examine the-possible reasons for this, it is necessary to
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examine what occus in the brtes as the suction pressures are reduced.

As 'has been pointed out eaklier, the soil compacte& dry of optimum

pr~bably has an incomplete developtent -of the clay micelle. The

relative strengths of the various components (capillary, osmotic and

adsorbed water) are nbt known exactly but as water is applied to the

soil during the swell test, the capillary tensions in 'the soil pores

are reduced. Then, during the equilibrium period a certain drop in

the soil sudtion occurs. Since the capillary forces are- acting to

-- hold the soi-: particles toge~ther, they in a sense retard the sell.

With a release of these preseures i the suil particles may imbibe

water into the clay micelle which will increase the repulsive forces

and cause the swell to start.

Another factor which would be active in this range of suction

Presz-res irht elastic rebbund of clay particles which have been

deformed by the high suction pressures. As the suction pressure is

reduced, these particles may regain their initial position and

thereby cause some volume expansion.

The departure from the straight part of the curve also corres-

ponds very closely with the point at which the swell begins to in-

crease rxapidly with change in moisture content (Fig. 29). There

would appear to be some critical value of soil suction at which a

higher rate of swell would occur under a given loading. This point

corresponds to a condition where the forces pushing particles apart

(osmotic) start to greatly exceed the combination of the load and

suction forces forcing the particles together. As the size of the
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lcoa increased, the sol! suction vs swell curve aproachied &

straight line and did not swell as rapidly with a, charge in moisture

content.

Bel"c" 1 this critical value, the swell that occurs could be a]most

entirely due to the Iwater required to eou 4 ze the ion concentration

between the more water and the water in the clay nicelle.

The osmotic swell has been termed a "rejrulsive pressure" since

as a resul: of imbibing of additional water molecules, the particles,

will be .ushed fuarther apart. DeDending upon the size of, the applied

lbad, the degree of expansion indicates the equilibriuibetween the

force (applied load) pushing particles togfthet --d the force (os-

=otic pressure) trying to push the particles apart. The osmotic

demand was very strong since the imbibed water was deionized. There

exdsts a Large inbalance between the clay micelle and the-pore water.

As the water molecules are t~ken into the clay micelie thu micelle

increases in size and swell must obviously occur.

The final degree of saturation vas in all cases less than 100%

at zero soil suction. This has been doerved by GibBs _(3) and

Matyas (40) to be the case for soils at higher initial soil suctions.

The occurrence of entrapped air is a possible cause of incom-

plete saturation. Due to the higher amount of air voids initially

the chance of entrapment is much greater than in a soil compacted

with a wetter initial condition.

Swell test results for samples compacted at 26.0% The data

obtained from the swell test for the 26% moisture content sample are

82



presented graphically in Figs. 31, 32, a~d _33. Total swell for these

sapples was considerably- less than Tor the dry side compacted sanples,

xe mir= swell under zero loading was 0.9% and this was suppressed

2
by even light loadings. When the load exceeded. 0.5 kg/cm , con-sol-

dation occurred, and no selli g occurred as the moisture content

increasea slightly. A loading cf J.0 kgem2 was erfo.ned but con-

I tinued consolidation occured and the sa-atoi reached aipro xiately

full. satuiation during the equilibrium period between the applied

loa and ,measured pore water nressureSt.

The soil suction afid moisture content kelationshi'ps under test

loading are sh&.b in Fig. 31. The final water content for -zero

lo&Mng was 28.2% at a zero suction. The moisture content at zero
sucto o dereased with increasing loading to 26.9" under 1.0 k/2 .

I Table 4 si unarizes the swell data and exneri-ental results are co-

ta[ned in Appendix I!!.

Discussion of results for swell tests (26%) As expeted,

f the swell for the samples compacted wet of oputimu was considerably

less than those on the dry side of optimum content for the same

4 idry density.

The swell that occurs in samples compacted wet of optimum ois-

ture content is primarily due to osmotic expansion. iitchell M)

and others (15) have shown that swell in this moisture range could

be completely prevented by using pore water of high concentrationk.

of calcium acetate and calcium chloride.
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I.0 TEST LOADING

- 0.0 Kg/cm2

0 0.1 ft_0 0.3 -
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-MOISTURE CONTENT (Kg/cm 2)

gure, 33. Effect of Increasing Moisture Content on Swel_
- - for Initial Moisture Content 6f 26%

TABLE 4 SWELL DATA SU?,ZRY 26.0% INITIAL MOISTURE CONTENT

Am-lied loading, kg/cm2  0.0 0.1 0.3 0.5 1.0
2initial soil suction, kg/cm 1.53 1.50 1.50 i.46 1.0

Initial degree of saturation, (%) 98.3 98.4 98.9 99.9 100.0
Initial moisture content, (%) 26.0 26.0 26.0 26.0 26.0

Final moisture content, (%) 28.2 2T.9 27.7 27.3 26.9

Final degree of saturation, (%) 100 100 100 100 100

Swell,, (M) o091, 0.31 0.05 -0.9 -1.4

86



The' initial soil suctions were =uch less (1-5 2g= a h

adsorbed films were completely satisfied. The soil sauctL-c reflects

the osmotic demand iamos.V enti rely.

The shape of' the soil- iuction vs roisture content curves is mobc

less 'uniform than for the 2.9.2% samples. However, there is stil a1

sihilarity i;n the 0.0 and 0.10 kg/cm 2 load cuarves.

The sample loaded with 0.3 ]rgcw did~ not swell afteeui-

brium had be O -i r4 a~ed (initial cons olidation) until the sol suc-

tion was reduced to -abdut 0.80 kg/cm .Total swell was -y03a

at a zero suction. 'The sarhple under a leading of 0.5 kg/c"M had an

initial coisolidation. of about 0.9%. the sample then began to szell1

S:11'ghtly as the soil suction-was decreased. Atl so~ie polt below a

-action of' 0.38 kig/cm the sample collapsed and consolidated to a bout

the initial equilibrium volume, The sample loaded with 1.0 kg/cm2

applidd load continued to consolidate as the -suction, was reduced.

The final degree of saturation as calculated was sligbtly over

100% and can be attribted. to the inability of determining the exact

specific .gravity, of a soil. The specific gravity as measured is

only an average value. In a clay soil,, it is subject to errors due

*to the fact that oven drying to 1100C does not drive off all the

adsorbed water. The value then determined is partly due to the min-

eral and partly due to the small film of water remaining around the

clay particle.
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~zer and T-ari7 I.ex --P a1'eti-e3 The S:--- Saa Clay

centaie& 51.3% by weiEgbt of cla1y size pertid-les of thich a ig-i

-an wa -- , =a.cn-t w~tt lese 0±tt-o -kc--= F

ilTh. e mresence- off- nt=-oriflcaC-ite in large oqztities is a

4rod indica n that the so!--' -~f.be s:ccnsive. Ole engi-eerI.=g

it dex mzreties shbc-4ed the soil te hav e a- 'lie d 2-tof 58 =n ia

?~~yIndex off 36.4 --fich wu also iza-leste the s-ioilas at,

le-ast a =oderate sz-3r poteetial.

M-icrestrnxture Th iccroue f-ar szeci-mens conaxt6L Cn

the vet and dry side of o-tinn- zoisltur cantent (t eaqs dr=e1i

ties) by kneading ccoivaeticn aces. not auzewr to differ as -1ch, as

nrviusly thoughlt. Zue degree of preferred matceorientation

--as very s=--3l anxd both microstructures were still within the range

of flocculent micros tctaires. ?or the San Saba Clay the highest

-preferred orientation vas obtained near outinum zoisture content and

rehmained constant until very high misture ccontents vere reached.

Above a moisture content of 26% the degree of dispersion begins to

decrease.

From tre scanning electron micrographs obtained of samples at

the two moit;ture contents, it appeared that the .microstructure was

C characterizo~d by a multi-grain or packet type of orientation. The
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A

hbgb =olding water content saaple had a higer degree of packet

orientation and was =uch less open- in appearance.

".icrostructure an6 Swell "he attempt to establish the influence

of s6i! ricrostrdctie on swellingl was rit successful, primarily

becadse--the difference iu microstructures was not significant for the

soil tested. However, two methods for identifying the microstructure

-have- been developed and should -provc valuable in _urther studies of

2 the soil microstructure. - -

For the two microstructires produced by compactionj the orien-

tation ratio of 0.52 for the vet sample is still in the general range
of a flocculent structure, and Wnile ving an increased degree of

orientation it does not approach any high degree of dispersed orien-

tation. Certainly the large differences in swell are Eamost entirely

re late- to the: initial water demand (s6il suction) as opposed to

small differences in- idcrostructure.

Swell Test- The swell test de~ielouied has several advantages over

the currgnt standard tests. Themost important factor is 1,ing able

to measure and control the soil -suction. The technique used was

sucCessful both in being able to measure soil suctions up to 75 psi

under loadL1 conditions as well as controlling the release of the

suction.

The volumetric expansion due to entrapped air is minimized by

this test method as water is applied only from one side. In the
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standard swell test, the soil specimen is sifbmerged and swelling

caused by entrapped air could be a factor which greatly influences

the results obtained. The values obtained by use of the Bishop

Oedometer will minimize this effect and should give more realistic

results, as well a a more comlete idea of the amou.t of! swell at

various stages of saturation. This, of course, is important where

the gradual increase of moisture occurs under a structure. Methods

available to estimate the eQuilibrium moisture content exnected in

the field, or the seasonal fluctuations could, hen be used with this

test method to -place the soil in the predidted final state and then

-measure the resulting swell. It would, seem that this method could

also be used to @imulate sedsonal variances and thereby be useful to

run a short term "environmental"' study of the soil in question. While

the test period' would perhaps cover several weeks to months, this

would still be more pradtical than a number of years as is now xe-

quireff to evaluate the seasonal influences on a. soil.

Swell and Soil .Suction It is felt that this research has opened

the door to a new method to evaluate swell in which the influeuce of

the environment (seasonal wetting and drying) can for the fii-st time

be simulated in the laboratory. The influence of soil suction upon

the swelling behavior of a soil is most important and is very depend-

ent upon the initial value of the suction. As has been shown by

comparison of two initial states (moisture contents) the resultant

swell varies greatly. The soil suction acts as a stress, tending to

give the soil rigidity, wnich also tends to repress the swell. As

9o



the soil suction is reduced this force holding par-ticles together

becoes ±ess and the r-,epulsive for-ces oeco:e- greater by the inter-

action§ of the clay x~icelles. Mhere appears to be sf-e critj!ical

value of soil suction wihere the repulsive or sw'e ing forces overco'-e

the forces holding particles tc-ether and swell iwill increa-se ver-

f tkpidly with a f'urther reduction of soil suction. 7his Moint is a-so

influenced by the applied loe-d on the soil. The lower the initial

suctionk pressures (wfetter the soil) the less svell will,1 result duke to0

the nore full7y developed Ozya micelles.

eI ~~The izmortance iof the initial state of~ tte so:i (or =~re =ne-

cise4y the iniltial soil suction) is very ipzroortant. Yor a change in

-noisture content of say 2% the resulting swell -xill very cor-siderably

detending upon the initial soil suction. - Me data tor the drier

samnle (higher initial s oil suction) indlicate that the _ajority of

the svelj. (5D-rozinamtely 70o%*) -.Pll1 occur aiflter the soil suction i s

i±educed bebwir 3.2 kg/c for the 2ight loadings (Fig. 3k). 1Mhen the

2load apxlied was 0.5 kg/cm or larger the total swell was retarded

and the soil suction *vs sw.ell curve aDproaches a straight line.

is siia trend is evident from the results of the vet camn3e.

Asoil suction of 0.4 kg/cm apparently is the critical value from

-which selincreases at a higher rate. (roads 0.0 and 0.1.) The

amout ofswell that occurs with soil suctions less than 0.14 ig/cm

is uchles -roprtinatlycompared to the drier sample.

LavsChange in Initial Soil Suction The effect on the I

inital oilsuction of increasing the loading was shovn in Fig. 35.
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6S

in gene~ral,_ the effect was small. The change in the inItial soil

suction is probably closely related to the amount of consolidation

the sample undergoes during load application. - As consolidation

occurs, the soil mass becomes dewser and particles are closer to-

gether. This wculd have a tendency to reduce the soil suction,

slightly. The only test sample to undergo latrge consolidation vas

22

drop ir, the initial soil suction of 0.5 kg/cm2 occured.
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- SECTI I VII

' CONCLUSION19

1. Both the X-ray technique and scanning electren microscopy indicate

that the soil microstructure does not change significantly with

moisture content when kneading compaction is used. This is con-

trary to infoimation -presently available in the literature.

2. A packet type of microstructure is a more des-criptive term to

describe the soil iicrostructure. The packets in saple wet of

optimum appear to have a greater degree of disoersion than samples

at drier moisture content. From the X-ray technique the highest

degree of dirjiersion was botained near ootinum moisture content.

Very wvt of optimum the degree of dispersion began to decxrease

3. The s .el! test developed vas successful in measuring and control-

-Ing. soil suctions under applied exLernal loadings to values of

5.1 kg/cm (pF=3.4). The results for the soil tested indicate

that there was some value of soil suction below which the degree

of swelling accelerated.

o4. The data obtained indicate that the applied loading has little

effect upon the initial soil suction. Only when large consolida-

tions occurred was there a significant change in the initial soil

suction.

5. As thp- miagnitude of applied loading was increased the amount of

swell deci azcd, 2. 7rcsing the applied loading made the soil

suction vs swell relationship more linear and decreased the

amount of swell as the soil suction approached zero.
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SBCTON VMI

1. 7he nicrostr-acture should be stlUied for additional~ soils to far--

ther verifPy that packet rather than single grain microstructures

are jreval.ert. The use of tbe Scannifig Electron M4icros cope would

a~pear to be a valuable tool which could be uised in this study.

2. FrNther research should be undertaken to better understand the

s-well-soil suction relaticushiz. Undisturbed soil samples should

be studied byj rezroducing the in situ conditions and then. study-

ing. the suell1 ng behavior at the soil suction is varied.

3. he study of envirozrentalI or dcclic effectI- of varying soil suc-

tions under loaded conditi1.1ons by the use of the swell, test deve!,-

oned vould be of value to the soils engineer,

I.The range of soil su'-tiens studied should be exte -nded Using higher

atir entry ceramic ston6es. This svell test could be utilized for

suctions up t'Uo a ? of 4.-j. which is the design limit of the

Bishoin Oedometer.
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X-RAY DIFFRACTIOIN PATIS
- - FOR SARI SJOA POiD KAOLBUiTE CLAYS
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Figure 36. X-Ray Diffraction Patterns of San Saba Clay,
Sand and Silt Fractions
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Fine Silt and Clay Fractions
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Figure 38. X-Ray Diffraction -Patterns of Kaolinite,
Sand and Silt Fractions
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TOBLE 5 QA iO RATIO DA

- eak ratio Peak ratio 'Orientation
M.oisture content, % ~x1e) (Perpendlicular) ratio

165-. 0715 0.855 o.84~
16.5 D.667 0.820 o. 81

19.1 0. 63o o.840 0.75
19.0 0.398 o.534! Q*75
19.1 0.780 1.040 0.75

22.0 0.535 -1.030 0.52
22.0 -- o.6oa 1.050 0.57

4 .- 26.0 o.4415 0.895 0.50
26.0 0.147T 0.910 0.52

-f -26.0 0.590 1.120 0.53-

27.5Z 0.39h 0.640 0.62
2T.5 - 0.538 0.888 0.61
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PRg =0855

(P2-
PR, =0j15

Figure-4O. 'Orientation Ratio -1,or Compacted Sample
at a Moisture Content of' 16.5%
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'I002) (020)

11 PRI = 1.04

OR =.74

PR 0.78

Figure 41. Orientation Ratio f'or Compacted Sample
at a Moisture Content of 19.1%
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(002) (02o)

PRL.=-1.05
t ]

OR = 0.57

(002) (020)

PR,,,

R,,, 0.60

Figure 42. Orientation Ratio for Compacted Sample
at a Moisture Content of 22.0%
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(002) (020)

-PRI= 1.12

-OR 0.53

(002 00II,
PR,= :0.59

Figure 43. Orientation Ratio for Compacted Sample

at a Moisture Content of 26%
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I~rI

(002) (020)

11 A
PR.1 0.888

OR =0.61

(002) (020)

PR/=0.53 8

Figure 44. Orientation Ratio for Compacted Sample
at a Moisture Content of 27.5%
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SHELL TEST DATA

Load o.oo Dry Density _9.6 .Water Content 19.1

1a = Applied Air Pressure U, = Measured Pore Water Pressurea
Uc -_ Soi l Suction Ua - U 11

Elapsed, Soil Suction Back Dial Water A

Time~ - Ua  U "Uc Pressi Rdg. Scale w,,'ater
(rain.) _Kg/CM )...... (0.0001 in) (cc)

0 14.8 12350.5- 0
285 4.8 o.16 4.64 2350.5 0
880 4.8 -0.38 5.18 2351.0 0

Back 1:. essure Applied,

0 4.8 2351 0 3.0 0
5 4.8 2351 0 3,3 0.3

20 4.8 2350 a 3.8 0.8

Back P essure Removed

0 4.8 0.0 4.8 0.0 2350 1
170 4.8 3.414 1.36 6.0 2337 13
420 4.8 o.85 3.-95 0.0 2322 28
630 4.8 0.80 4.O0 0.0 2321 30

Back P?-essure Applied

0 4.8 2321 30 3.8 -. 8
0 4.8 2320 31 4.0 1.0

30 4.8 2318 32 4 1 .4
35 4,8 2318 33 4,5 1.5

Back P'essure Removed

0 4.8 4.8 0 0.0 2318 33
775 4.8 1.8 3.0 0.0 2290 61
1395 4. 8 1.8 3.0 0.0 2290 61

Back P essure Applied

0 4.8 2290 61 4,5 1.5
5 4.8 2283 68 4.7 1.7

203 4.8 2167 84 9.2 ;2

Back P essure Removed

0 4.8 4.8 0 0.0 2167 184
720 4.8 3.95 0.85 0.0 2116 235
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Elapsed Soi l Suction Back Dial Water -A
T-in.e U a I jw -J [Pcress, Pdg. AH Scale IWa ter

(min.) 0.- (Ki/c') (0.0001 iny (ccL
Back essure Aplied 2f

0-- T- 4.8 211z6 235 9.2 6.2
80- 4-8 2100 251 10.5 7.-5

205 ,.8 2061 290 12. f 9.1+
390 4.8 1986 365 14.6 11..6
450 18 1960 391 14.9 11.9
520 4.8 1936 415 15.2 12.1

0 4.8 1932 419 4.3 12.2
55 4.8 1917 434 4.5 12.4

78o 4,.8 1868 483 5.9 13.8
1030 4.8 1851 500 6.2 14.1
1220 4.8 18148 503 6. 14.3
i455 4.8 1839 51:2 6-5 14.4
1620 4.8 1832 519 6.6 14.5

A20 '-.8 183i 520 7.1 '15.0
i705 4.8 1831 520 7.-1 15.0

Back P essur Removed

0 4.8 4.8 o.o 0.0 1831 520
1oo 4.8 4.8 0.0 0.0 1831 520
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SWELL TEST DATA

Load 0.1 Dry Density 96.8 Water Content 19.1

Ua = Applied Air Pressure - Uw = Measured Pore Water Pressure
U= Soil Suction Ua  Uw

Elapsed Soil Suction Back Dial Water A

Time "a Press Rtdg. ____ -Scal e Water(min,)(0.00 n)

(min) (Kg/cm2) .0001in) (cc)

0 4.8 0 00371 0
1 4.8 0 oo2 -5
5 4.8 0 oo46- -9

20 4.8 0.70 4.1o 0 OO48 -ii
18o 4.8 o.15 4.65 o o48 -n
270 4.8 0.24 5.o4 0 0048 -11
41o 4.8 0.24 ,5.o4 o -9o48 -11

Back Prtssure Applied

o 4.8 0048 -11 3-0 0
90 4.8 oo4i -4 4.5 1.5

Back Pi ssre Removed

0 4.8 4.8 0' 0 oo4i -4
610 4.8 1.85 2.95 0 0033 4
850 4.8 1.50 3.30- 0 0017 20

1010 4.8 1.50 3.30 0 oo16 21

Back Pr esure Applied

0 48 21 4.5 1.5
280 4.8 2487 50 9.8 6.7

Back Pr ssure Removed

0 4.8 4.8 0 0 2487 50
790 4.8 4.o 0.8 o 2378 159

1120 4.8 4.o 0.8 0 2377 16o
1380 4.8 4.0 0.8 0 2375 162

112



,E1apsed S.o ucti -on Back Dial Ja I&flasd 1ater
_Tir_ & U L- Uw U Uc Press Rdg. _ -Scale 1Water

(min.' _ (Kglcm2) . (0.0001 in) (ct)

Back 4essure Applied -

.0 4.8 2375 162 9.8 6.7
775 4.8 2272 265 15.2 .12.1

re ze3o scale
7V5 4.8 ?272 265 4.6 12.1

1050 4.8 2259 278 5.0 12.5
1220 -4.8 2249 288 5.1 12.6

-2470 4.8 2217- 320 6.0 135
3790 48 2220 63 6 1..
4o90 A. i4 333 7.2 14.7

11
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SWELL TEST DATA

Load 0.2 Ory Density - 96.8 Water Conteit 12.1

Ua = Applied Air Pre-ssure U -Measured Pore Water Pressure

____U c = Soil Suction Ua - U

Elapsed Soil Suction Back, Dial IWater _A
Ti' Press Rdg. Scale Water
(m.) (Kg/cm 2) (0.00i __1 (cc)

o 4.8 0 o644 0 L

3 4.8 0 o653 -9
5 4.8 3.TO .1O 0 o654 -1o

10 4.8 3.65 1.15 0 6654 -10
25 4.8 3.20 1.600 0655- -]-l
40 4.8 2.85 1.95 0 j 0655 -1).

16o 4. U 1.2- 3,60 o o650 -15
370 41.8 0.13 74.67 6 o66o -16
490 4.8 0.20 5.00 0 o666 -16
700 4.8 0.20 5.00 0 066o -16

Back Pr ssure pplied

0 4.8 o66o -16 1.9 0.0
10 4.8 066o -16 2.2 0.3

Back Pr ssure Removed

0 4.8 4..8 0.0 0 o660 -j6
50 4.8 o.3 4.5 0 0658 -114
920 4.8 o.o6 4.74 0 0657 -13
1160 4.8 ] 0.06 4.74 0 0657 -13

Back Pr ssure "Applied

0 4.8 o657 -13 2.2 0.3
3 4.8 0654 -10 2.4 0.5

35 4.8 0649 -5 2.7 0.8

Back Pr ssure emoved

0 4.8 4.8 0 0 0649 -5
o14 4.8 2.9 1.9 0 0646 -2

740 4.8 1.2 3.6 o o645 -1
1050 4.8 1.o6 3.74 o 0644 0
1.200 4.8 i.o6 3.74 o o644 0
1385 4.8 i.o6 3.74 o 0644 0
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Elapsed -Soil Suction Back Dial Water
Time e Rdg. Scale Water

-f(min -) (_lcm_ (o.oool in) 1 co) 4
Back essur Applied

- - - 0 o.8 0 2.T 0.8
1-5 '4.8 0639 5 30 1; 1
35 4.8 o637 7 3.1 1.2
45 0636 8 3.? 1.3-

Back P essur Removed

0 4.8 4.8 0 0 0636 8
735 4.8 2.1 2.7T 0 0630 14

100 4.8, 1.95 2.85 0630 14
1080 4.8 1.90 2.90 0 0630 14
31220 4.8 1.90 2.90 0 0630 14
17T5 4.8 1.90 2.90 0 0630 i4 1

I - Back -essur Applied

0 4.8 0630 14 3 2 1.3
"45 4 0623 21 3.6 1.7

Back P essur Pemoved

0- 4.8 4.8 0 0 0623 21
910 4.8 2.5 2.3 0 0617 27

2270 4.8 2.22 2.58 0 o615 29

-Back P essure Applied

0 4.8 0615 29 4.0 1.7
4o 4.8 o61o 34 4.3 2.0
65 4.8 0608 36,. 4.h 2.2
70 4.8 0608 36 4.5 2.3

Back essur Removed

4 4. 4.8 0 0 0608 36

200 4.8 3.72 1.08 0 0604 ho
520 4.3 3.4o 1.40 o 0602 42
610 4.8 3.3 1.50 0 o6o1 43

1590 4.8 2.92 1.88 0 0599 45
Back essur Applied

0 4.8 0599 45 4.7 2.3
20 4.8 0596 48 4.9 2.5
90 4.8 0591 53 5.3 2.9
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Elapse So Il Suction .Back Dial Water A
Tie U 1~ IU~~ Press Rdg. 1 _S a [Wter

-m(in.) (ggl 2) _(0.o001 in)
, ,Removed

0 4.8 4.8 0 0 0591 53
90 4.8 4.i8- 0.62 0 0588- 56

1320 14.8 3),45 1.35 0 0579 65
1514o 4.8 3.4o 1.4o o 0578 66
1740 4.8 3.4o 1.4o o- 0578 6

Back e ssure A-6-Died
0 4.8- 0578 66 5.3 2.9

15 4.8 0576 68 . 3.0
80 4.8 0574 70 5t6 3.2

130 4.8 0571 73 'M5 3.3
155 14.8 0569 75 5.8 3.14

Back Plessure Removea
0 4.8 -4.8 0 0 0569 75

800 4.8 3.95 -0.85 0559 85
920 4.8 3.90 0.9 0558 86

1075 4.8 3.90 0.90 0 0557 87

Back P essle Applied

0 |f4.8 0557 87 6.2 3.4
50 4.8 -0554 90 6.5 3.7
80 [4.8 0552 92 6.7 3.9

140 4.8 0541 103 7.4 4.6

Back Ptessure Removed

0 4.8 4.8 0 o541 1.03
225 4.8 4.3 0,5 o 0533 111
835 4.8 4.16 o.64 o 0524 120

1075 484 I5 o.65 0 0523 121
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Elapsed Soil Suction Back Dial Water A
Ti m U - UW c Press Rdg. _ _ Scale Water

,K/ . __ (OXl An) (cc)

Back P,ssu re. Applied

04.8 0523 21 3.3 4.6
141O 4.8 o44o 204 8.5 9.8 A
1520 4.8 oi6 -228 9.2 10.5
1790 4.8 o412 232 9.3 . . .6
1.970 4.8 o410 234, 9.4 10.7
-2030 4.8 0o49 235 9.4 10.7
2,180 4.8 o4o 237 9.55- 10.8
2975 4.8 O40 244 9.8 11.1
3260 4.8 0398 246 9.9 11.2
34h0 4.8 0397 24t 9.9 11.2
3770 4.8 0394 250 10.0 11.3
5850 4.8 0388 256 10.3 11.6
-6930 4.8 -6383 6i 0..5 ,8
7230 4.8 0382 262 10.5 U-8-

'I.4
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SMELL TEST DATA

Load 0.5 Dry Density 96.8 W!ater Content 19.1

Ua = Applied Ai-r Pressure U, = Measured Pore Water Pressure

V = Soil Suctieh= Ua -yw "

Elapsed Soil Suction Back -Di al Iater A

___Tie _ w Uc Pressl Rdg. Scale Water

imin.) _ (Kg/cm2) (0.0001 in) icc)

0 4.8 0 0778 0 I
1 4.8 0 0789 -32
5 4.8 0 0795 -17
20 4.8 2.9 1.9 0 0802 -42,
6o 4.8 2.2 2.7 0 0802 -24

-80 4.8 1.5 3.3 0 0802 -24:
36o 4.8 0.17 4.63 0 0802 -24

480 I4.8 o. 4.91 o 0802 -24
600 4.8 o19 4.99 0 0802 - 4
720 4.8 0.20 5.00 0 D802 -24;

ack Pr ssure pied -

0 4.8- 802 -24 1.1 0.0
5 4.8 0802 -24 1.3 0.2

10- 4.8 0800 -22 1.6 0.5

Back Pr ssure Removed

0 4.8 4.8 0 o 0800 -22

510 4.8 0.51 -4. 29 0 0800 -22
840 4.8 0.32 4.48 0 0800 -22

Back Pr sfure pplied

0 4.8 0800 1.6 0.5
25 4.8 0797 2.7 1. 6

Back Pr ssure Removed

0 4.8 4.8 0 0 0797 -19
S90 4.8 3.7 1.1 0 0791 -L3

24o 4,8 3.25 1.55 0 0'84 -6 ,
350 4.8 2.75 2.05 '- 0781 - 3 -
880 4.8 1.95 2.85 0 0778 5

Back Pr ssure Applied

0 4.8 0778 0 2.7 1.6
s- 4. 8 0778 0 3.0 1.9

15 4.8 0775 3 3.4 2.3

-18
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Elaps ed Soil Suction Back ODal -ater ATi~r,,, A"
';jUa 'w Press Rdg. Scale I Water

I-; " .(rin.). , ... /c'2 (0.0001 in)_ c )
(min.L Kg~2 CMOOO Un. ± c

- Back piessure Removed

0- 4.8 14.8 0- 0 0775 3
315 4.8 3.7 i. o79 8
14O 14,8 3.0 1.80 - 0 0756 22

SBack P essure Applied
IF 0 -4.8 0756 - 22 3. 4 2.3

3o 4.8 0755 23 6s. 5.0
5511.8 0751 2T- 7.0 5.9

SBeck 6s ur-:Removed
0 4.80 0751 24 .8 .8 0 - 027iho A-8 4. 3 0.5 - o o7,44 34

aek £j essure Applied

660 4.8 031 47 82 7.1

189:0 4.-o71 5 L-0 9.
2880 4.8 0713 65 11.3 30.2
3360 4.8 0710 6& ii.4 10.3
468o 4.8 M6 72 ii.6 10.5

- to
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SWIELL TEST DATA

Load 0.o Dry Density 96.6 Water Content 19.1

_ Ua Applied Air Pressure Uw  Measured Pore Hater Pressure

a___ - I77 J7 c rId. _______

___u -_ a So_ _ Suction_

Elapsed _ Soil Suction Back Dial Water A

Tim~e UUP Res _____ ____ Scale Water

(n .) -(Kg/cm) ( 1 n)c)

o 4.8 0 0270,
3 4.8 0 0280 -10
5 4.8 0 0286 46 :

10 4.8 0 0290 -20
20 4.8 2.8 2.0 ' 0295 -25
60 4.8" 2.2 2.6 o 0300 -30

-95 4.8 1.7 3.1 0 -0303 -33
14o 4.8 1.45 '3.3-5 0 03r 34
245 4.8 0.90 3.90 0 oo6 -36
325 4.8 0.21 4.59 0 0306 -36

- 480 h.8 0.01 .t79 0 0307 ..7
6co 4.8 o.4 4.94 0 0308 -38
125 4.8 o.19 4.99 0 0308 -38-
835 4.8 0.i9 4.99 0 0308 -38

Back Fmssuxre Applied

0 4.8 0308 -38 3.11 0
5 4 '305 -35 3.4 0.3

4.10 4 0302 -32 3.5 o-4
154. 8 0306 -30 3.6 0.5

- 20 4.8 0300 -30 3.7 0.6

-Back Pressure Remave-d

0 4.8 4.8 o 0 0300 -30
315 4.8 1.85 Z.95 0 0295 -25
435 4.8 1.60 3,20 0 0295 -25
615 4.8 .45 3.35 0 0295 -25
695 4,8 13,5 3.65 0 0295 -25
805 4.8 0.O0 3.80 0 0295 -25

r 895 4.8 0.90 3.90 0 0295 -25
1055 4.8 o.90 3.90 0 0295 -25

1975 4.8 O.90 3.90 0 0295 -25
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Elapsed Soil Suction -Back Dial hater alA
Ti , [ c Press -Rdg. Scale IMater

( .) 10.0 (Kg0) in) . ,c)L!
B3ack~ Psu Ajpli ed

0 . 0 295 -25 3.7 0.6

5 4.8 050i -21 3.9 0.8
58 02 8 -i2 4.6 15. ~ b ad. k .p-jessu.e' Re n be d_ I .

0 4.8 4.8 0 0 0 0282 --12
610 4.8 2,7 2.10 0 0272 -2
75( 8 2.5 2.30 0 0270 0
900. 4.8 2.4 2.40 0 0269 _1

1035 4.8 2.25 2.55 0 0268 2
4-260 148 2.10 2.70 0 0268' 2

1390 4.8 2'. 1 24. 0 0. 0268 2

Back P es sure Applied

0 4.8 o268 2 4_6 1.5

15oP. 48 026 1o 5.6 2.} Back P. essi}-me 6 o

0 -8 4.8. 0 5 261. 107I595 4 8 3.70 1. 10 0 05 4 16•

S8k,5 4.8 3.50 1.30 0 0254 16

1010, 4. 8 304 .9: 1.35 0 0253 i7

¢ 1425" .8 3.40 i.4 ko0 02t53 17 :

[ 
B ck P 'e s r, Applied 

"

,, -6 o o " 4 8 2 3 1 3 9 8 .9 5 A

960 4.8 0223 47 I0.-I 7.0

Al2220 
4,8 0212 58 i0.8 7.7

3600 4.8 0206 64 11.2 8.1
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-- SWELL TEST DATA

Load 1.5 Dry oensiy 96.9 !ater Content 19.1

Ua Applied Air Pressure Measured Pore WJat R Pressure

UI ... I
Elapsed SoI- Suction- Back Dial Hater A

a__ T I L Pressi Rdg., ____ caie W1ater

( ran). ____ (Kgcm 21 ) (0.00I in) (cc)
S4,.8 0 0572 0 0
lk 14.8 o 066o ' -88

4.8 0 6664 -92
-1 4.8 o 0666 -94
2 4.8 0 0668 -95
14 4,8 0 0668 -96
5 4.8 b 0669 -97 J

15 4.8 2.4 2.4 0 0670 -98
30 4.8 1.2 3.6 o 0670, -98
60 4.8 0.58 4.22 o 0670 -98-
835 4.8 o.16 4.g6 0 0670 -98

Back ?r ssure Applied

0 4.8 0670 -98 2.1. o.o ,
_ 5 4.8 067 -95 2.3 0.2

10 ,4.8 0664 -94 2.4 0.3 o
25 4.8 0657 -85 2.6 0.5 A

30, 4.8 0655 -83 2.7 o.6
35 4.8 o653 -8i 2.8 0.7

Back Pr ssure Removed

0 4.8 4.8 0 0 0653 -81
30 4.8 3.7 1.1 0 0649 -77
o90 4.8 3.02 1.78 0 06147 -75

140 4.8 2.45 2.35 0 0646 -74
2R0 4.8 1.65 3.15 0 o646 -74
370 4.8 1.25 3.55 0 0646 -74

1210 4 8 o.54 4.26 0 0645 -73

Back Pm ssure Applied

0 4.8 0645 -73 2.9 0.7
20 4.8 0638 -66 3.3 1.1
45 4.8 0633 -61 35 1.3

150 4.8 o614 -42 4.6 2.4
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-0 ial- AN'i~~ a- UW U'C Pr'ess Rdg, S cale 1,1ater
(mlin) ___ (1Kq/ci 2i J_.000 -OiO in)

148 Back R -essu Remov~d

190 4.8 1L,0 0.8 0 0602 -30
360 4.8 3.9 0.9 0 0598 -26
44o 4,.8 3,9 0.9 0 0596 -24-
535 4.8 3.75 1.05 0 0595 -23

3185 -4.S 3.4 1A '0 0591 -19 7
1350 4,8 3.35 1,45 0 059l -19

-1,590 4.8 3.35 1.45 0 0591 -19
-86O 4.8 3.35 1.14 0 0590 -.8

Ba ck . assure Applied

0 4.8 0590 -18 4.8 2.4
30- 4.8 0587 -15 5.2 2.8

Baci, P essure Removeca

0 4.8 -4.8 G 0 0587 -15
705 4.8 4,.0 03 -°  0583 -11

4320 4.8 3.70 1.. 0 0582 -10
1215 4.8 3.70 .li 0 0582 -10
1500 4.8 3S65 1i1 0 0582 O-10

01 Baf.k Piessure kple
0148 0582 -10 5,3 2.8
50 4.8 0579 -7 5.8 3.3

660 4.8 0560 12 8.4 5,9
96P 4.8 0557 15 8.7 6.2

13O 4.8 0554 18 8.9 6.1
2,3,0 " 14.8 05149 23 9.14 7.0

2940 4.8 0547 25 9.5 7.0
3150 4.8 0547 25 9.6 7.1

°;1 
2
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SELL TEST DATA

Load 0.0 Dry Densi ty 96.8 Water Content 26%

Ua Applied Air Pressure tBeasured.Pore Water Pressure

Uc = Soil Suction- Ua -w 

Elapsed i Suction Back D1'al A W A

630 1.5 e00 U arss 0740 sal ~ae
(min.) (Kg/c1) .(00001 in) (cc)

1.5 0. 0 1,63o 1.5 -M~3 1,53 o.o 7

Back Pr zsure Applied

0 1.5 0740 o 4.1 o
15 1.5 0739 1 4.3 0.2
60 1.5 0739 1 4.5 0.4

120 1.5 037 3 4.6 0.5
16o 1.5 0737 3 4.7 06

Back Pr sR eoed

0 L.5 1.5 o. 0 0737 3

125 1.5 1.41 0.09 0 0736 4
230 1.5 .8 o. 62 0 0736 4
350 1.5 0.145 1,05 0 0728 22
500 1.5 o.37 1,13 0 o7Z 13
590 1.5 0.37 1,13 0 0726 114 1 e

Back Pr sure Applied

0 1.5 0726 14 14.7 0.6
180 1 5 124 16 5.2 1.1 -

1.535 1  0722 18 5,9 1.8

Back F nsure Removed

0 i.5 1.5 0.0 0 0722 18
375 i 5 1.22 0,20 0 0713 27
495 1.5 1.12 0.38 0 0707 33
615 1.5 1.11 0.39 0 0707 33

Back Px sure Applied

0 1,5 0707 33 5.9 1.8 1
500 1.5 0681 59 6.8 2.7

1.5288o 0672 68 7.1 3.0

1244'',
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*- SWELL TEST DATA

Load - o.. Dry Density 96.8 Water Content 26%

Va Applied Air Pressuee Mw z Measured Pore ater Pressure

U Soil Suction=U -U
c - a w

Elapsed Soil Suction ,Back Dial Water A

-a j___ress Rdg,. _____Siale 11ateir

0 1'! 0 0550
600 2.5 0.05 1.-45 0 0550
820 1.5 0m06 1. 46 0 "0550

Back Pr szure- Applied

0 1.5 0549 1.0 5.5 00
A1 1.5- o549 1,o 0.2

20 1.5 054+9 1.0o 5. 9 o.-4

175 1.5 0549 0.5 6.2 0.7

ack Pr siure Remred

0 1.5 1.5 0 0 o548 1.o
125 1.5 1.35 0.15 0 0548 2,0
260 1,5 0.90 0.60 0 0548 2.0
5 1.5 0.775 -.72 D 0548 2,.0

755 2.5 0.58 0.92 0 o548 2.0

Back Prssure Applied

0 1.5 057 3.0 6,3 o.8
60 1.5 0547 3o0 6.5 1.0

.180 -1.5 o;4y 3.0 66 L
o190 1.5. 7 3,0 6.6 i.1

Back Pr ssre Removed

0 1.5 1.5 0 0. 0547 3.0
215 2.5 1.13 O.37 0 0547 3.0
420 1.5 0.96 0.54 0 0547 3.0
575 1.5 o.94 o.56 0 0547 3.0

Back Prsure Applied Pe zero scale

1.5 0547 3.f 9 1.1.
*195 1.5 0547 3.0 3.3 1.5

885 1.5 0536 1)4.o 3.7 1.9
12-15 1.5 0536 i4.o 3.9 2.1
186o 1.5 0531 19.0 4,.2 2.4
21.55 0528 22.0 4.)4 2.6

125



4¢

SWELL TEST DATA

Load 0.3 Dry Density 96.8__ Water Content 26%

Q a  Applied Air Pressure U= Measured Pore Mater Pressure

Ur Soil Sucton=U- - U

-El apsed Soil Suction. Back Dial Water A

Time Pres I _________ Scale 'Nater
nj(mm) __ (Kg/cm2) to(.000 i) (cc),

o 1.5 1 1663 I
5 ;15 i-6,9 -16

30 i, 5 O0 36 !.i4 o-_ 1679 -16I5 0.30 1.20 o 1679 -16
160 1.5 0.27 !23 0 i679 -16 X

120 r,.5 0!7 1,33 0 1679 -16 0 .'C
250 1. 5 Om06 115 o 1679 -.6
,430 i.5 0.00 I.50 o 1679 -16 0.25 5 1.5 o-0 . 0o 0oo 1679 -i6 "

Back ssure AP~Ple

1.5 1679 -i6 ..6 0
0 1.5 1679 -16 4.7 0

0, 15 1679 -16 4.8- o,211.5 167-9 -1.6 5-0 ]0-4

1.5 i679 -16 5-1 0,5
41 1.5 1679 -16 5. 3 .7
8 I,.5 1679 -16 5, 5 O0 9

1679 -16 5 6 10

-ack P assure Removed

V 1.5 1.37 0 0 16_79 -16
16 1.5 037 O,13 o 1679 -16
50 1,5 1, 28 0.22 0 1679 -16

150 1,5 1.23 0.37 0 1679 -16
810 1.5 o.69 o. 81 0 1679 -16

Back . essure Applied

0 1.5 1679 -16 56 i O
1.5 1679 -16 5,7 1.1

1 1.5 1679 -16 5.7 1.1
2 1.5 1679 -16 5,85 1.25
4 1.5 1678 -15 5 9 1.30
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-ipsed , Soil Suction. tac Dial
a ' Pre's Rdg Scale {laer

_Lmin-j (.0.0.00 in) C
Ba, es ur' -emove d0 -i ' , . :I 0O 67 8 - ,15

3 .~ i0 01 26Ta8 2160 2-5 L-2- (X19 0 1-77 4
30 1.5 1.k 0.23 0 2676 -- 50 .5 2.O: 0-.2 o 2674

-652 2o

1.5 0 /.9336., 
1.6S!-672 -. 60-1- 5 1,613 _20 6 2 19 3!7 -.5 166h -i0 6-5 2i. .405 1.5 -166 -9 .6,,96 2I -U,.

I i,, 5 i161o -T

2,6 1- 1, 8

i-5I/ :"6 -1 6.9 2,03
-1475, L5 -1650 3 7 ,, 2,.2

282 .,2~ .5 165,8 5 7 2-4. "

0 0 1 2 7

°.° 
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E SWELL TEST DATA

Load 0.5 Dry Density 96.8 Water Content 26A

Ua Applied Air Pressure Uw = leasured Pore Ilater Pressure
U- =Soil suction = -U

,. aata

Elapsed Soil, Suction Back Dial AH i
Tiirme -U -UJ~ U~ rs Rog. ____Scale 1Water

(nu. train. ) _Zg/n) (0.0001 in) "(cc)

o - - o - oo .5 0 0720 -440 1.5 0728 - 48
o 1.5 0 0735' -55

1.20 .5 0 0735 -55
201 1.5. ~0 0735
30 1.5 0 0710 -6o "

35 1.5 0.415 1.05- 0 0740 -60
75 1.5 0.34 1.16 0 0738 -58

64o 1.5 o.o4 1..6 0 0750 -70

Bck fPr s sr Aaied1

0 1.5- 0750 .2.90 0

15 1. 0748 -68 3.110 o.5
1.25 0747 -6T 3.50 0.6

30 1.5, 0747 3.502 0.6
Back Pr ssure Rnved

0 1.5 1.5 0 -6-3
65 1.5 1.32 0.13 0 0745 -65

370 1.5 0.89 O.61 0 0743, -641
470 1.5 0.80 .0.70 0 01113 -6
680 1.5 o.69 0.81 0 o743 -63
850 1.5 o.64 o.-86 0 0713 .-63

Back Pw ssure. Applied
S1.5. 0743 -63 3.5 0.6

20 1.5, 0742 -62 3.9 1.0
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Elapsed:l Sail Sucticni Back- Dial Rate"', t

Time_ Ua. dc Press M Rg. ____Scae VAter

fyjC. YKsci W0001~eve in)

0 ~1.5 1.5 0.0 0 07212
I .o I I

53 1.5 0.9 0.5 02 -67

15 .1 .5 -o o.69 .0 04 - -6
5 1.5 o.88 o.62, o -

950 1. 5 6- o.6ja o7~46 -69
10!io 1.5 0.83 06i 0 070 -

Bak essrej Azle&
0 J15 G74A-6 3-9 1.0
50 1.5 o735 -58 4.2 m3

31.5 :0738 -58 j; 1.5

11.5 1.- 0 2
0 073T 57

21'5 1.5 i.34- ;a.6~ 0 o 0a31-5T
825 2.5 2 .2,81 0.224 0 I0736

30D 1.5 1.2 0.31 0- 0735 -55
1060 1.- 122 0.3210 0735 -55 -~e~a surwe A'i ed =_ scl

0 41.5 o736 -54 4-T !.6y

303 .5 0732 -52 .0 1.9
1085 1.5 OT29 - 9 5.3 2.2
1140 1.5 02 h 5.3 2.2
1200 11.5 OT28 -49 5.3 2.2
1560 1.5 0728 -49 5- 2.3
2060 i L5 1 028 - 5.4 2.3

,~ J
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SUIELL TEST DATA -

Load 1.o Dry Densitwy _96.8 Water Content 26.0

V a - Applied Air Pressure Lw.1: Measured Pore Water PPessure

U- =Soil Suction- -
Ca Uw _ _ _

Elapsed~ _SoilSuction i Back- Dial IWater A
Ti~e J1 a Uw JJ r s IRdg. Scale jwater

(iin.) (Kg/cm) -.,1 in) (cc)

o _ -1.5 2 -171I
2 .5 o - i8o -83--- j1.5 . 0 12 -8

0io 1. 5 6 1865 -88
2b 1.5 1868 -9130 .!.5 0. 5 i.0 o . 810 -93

So 1.5 0.52 0.98 0 i815 -98 6 0-7,6o .-5 05 0 0 i8z5 -i08 -

0 1.5 1825 -108 6.1 0
5 1.5 1825 -108 6.3 0.2
5 1.5 826 -109 6,03 0.82

325 5 1.5 1825 -108 6.3 o.2

230 . -5 -1824 -lo 6.4 0.3Back ! Pr,:ssure Remo'ved

30 1.5 1,5 0 0 1826 -109S255 1.5 i.o4 o.46 o 182 -I0

8- 3.5 -.5 0.97 0. 53 o 18Ak -107
486. kB 1.5 o.9o o.6o 0- 18 4-. -107
66o 1. 5 0MO 0O.70 o 1826 -i09

720 1.5 0.78 0.72 0 1826 -109
790 1.5 o.76 o.74 0 1826 -109

1450 1.5 o.66 o.84 o 1827 -11o

* Back Pr zssure pplied

0 1.5 1827 -110 6.5 0.355 1.5 1826 -1o9 6.6 0.4
105 1.5 1826 -1o9 6.7 0.5
165 1.5 1826 -109 6.8 o.6
305 1.5 1824 -10T 6.85 0.65
365 1.5 1823.5 -107 6.90 0.7
425 1.5 i823.5 -107 6.90 0.8

1420 1.5 _1821.o -o4 7.25 1.05

010
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- Elapsed Soil-Suction Back Dial I Yater 1 A
Tinem Ual Idg. ___F_ Scale WaterU I7 -- J__c r

4195 1. If-ti -lot 7.3 1.10

182 -- 3 73 12

!645, 1.5 '-820 -03 . 0
-1885 

1.1 7S2365 1.5 2820 -103 7.4 1.-2o
2935 1.5 1820 - i3 T,4 1.20
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